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(From the Southern Regional Research Laboratory, Bureau of Agricultural and 
Industrial Chemistry, Agricultural Research Administration, 
United States Department of Agriculture, New Orleans) 


(Received for publication, April 5, 1946) 


Phytin, the calcium, magnesium, and potassium salt of phytic acid 
(inositol hexaphosphoric acid), is the principal storage form of phosphorus 
and inositol in all seeds (1-5). Although phytin or phytic acid was long 
considered to occur only in plants, recent work has shown that its occur- 
rence is more widespread. Thus Rapoport and Guest (6) have demon- 
strated that the erythrocytes of the chicken and turtle contain appreciable 
amounts of phytic acid, while other investigators (7-10) have shown that 
phytin is also present in various soils. Furthermore, the nutritional 
significance of inositol (11) and phytic acid (12-14) is fairly well established. 
Phytic acid exhibits rachitogenic properties because it is capable of forming 
insoluble salts with calcium that are not absorbed through the intestinal 
wall. This rachitogenic activity can be destroyed under certain conditions 
by the enzyme phytase (15) which normally occurs in most seeds. 

In the course of investigations on peanut and cottonseed meals in this 
Laboratory, it was found that there is present in these meals a dialyzable 
substance that exerts a pronounced effect on the solubility characteristics 
of the meal proteins (16). This dialyzable meal constituent has now been 
identified as phytin. Since phytin is normally present in seed meals in 
relatively large quantities, and since its effectiveness in influencing the 
solubility characteristics of the meal proteins is marked, it was deemed 
advisable to investigate thoroughly the protein-phytic acid relationship 
in seeds with the view of contributing toward the eventual elucidation of 
the réle played by phytic acid in the economy of the plant and of pointing 
the way to possibilities for the fuller industrial utilization of the protein 
constituents of both peanut and cottonseed meals. The protein-phytic 
acid solubility relationship over a wide pH range has been determined for 
peanut and cottonseed meals and the corresponding dialyzed meals and 
isolated proteins, and is presented in this paper. A limited number of 
comparative data on the protein-phytic acid solubility relationship in 


* Present address, Bureau of Agricultural and Industrial Chemistry, Agricultural 
Research Center, Beltsville, Maryland. 
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soy bean meal are also included. Since the naturally occurring enzyme 
phytase rapidly hydrolyzes phytic acid to inositol and phosphoric acid, a 
few of the characteristics of the phytase present in the seed meals investi. 
gated are also presented. 


Materials and Methods 


Peanut Meal—A composite sample of a Pearl variety of peanuts (white 
skins) (17), grown in 1943, was used in this work. The peanuts were 
mechanically shelled, cracked, and flaked in the early summer of 1944, and 
the oil was removed from the flakes by extraction with a continuous flow 
of cold Skellysolve F (a naphtha solvent, b.p. 30-60°). Residual solvent 
was removed by aeration at room temperature, and the extracted flakes 
were ground to produce a fine meal. The meal! contained 0.762 per cent 
total phosphorus and 0.070 per cent inorganic phosphorus (9.18 per cent 
of the total), as thus prepared. 

Cottonseed Meal—Fresh cottonseed meats received from a Mississippi 
mill in 1943 were cracked and flaked, and the oil was extracted in a large 
Soxhlet type extractor by means of ethyl ether. Residual solvent was 
removed by aeration at room temperature, and hull particles were removed 
from the oil-free meats by means of a Raymond separator mill. The 
meal! so obtained contained 1.532 per cent total phosphorus and 0.080 
per cent inorganic phosphorus (5.21 per cent of the total). 

Soy Bean Meal—A small batch of an unidentified variety of soy beans 
(1943 crop) was ground in a meat chopper and extracted in a glass Soxhlet 
apparatus with Skellysolve F. After the initial extraction, the excess 
solvent was removed at room temperature, and the partially defatted 


! Analysis of several batches of solvent-extracted meals prepared from seeds ob- 
tained at different times has shown some variation in the amounts of total and in- 
organic phosphorus present. These variations can possibly be explained by a differ- 
ence in the maturity of the seeds, as has been pointed out by Earley and DeTurk 
for corn(5). Through the kind cooperation of Dr. J. W. Neely, Stoneville, Missis- 
sippi, a series of immature cottonseed bolls was obtained for analysis. The bolls 
were picked at intervals of 5, 15, 21, and 30 days after flowering. They were opened, 
and the lint was removed from the seeds by hand, after which the seeds were dried at 
105°, ground, and extracted with Skellysolve F. The meals contained, respectively, 
on a moisture- and oil-free basis, 1.05, 0.48, 0.49, and 1.02 per cent total phosphorus 
and 0.263, 0.17, 0.201, and 0.214 per cent inorganic phosphorus (25, 35.4, 41.0, and 
20.9 per cent of the total). When it is considered that the oil-free meal from mature 
cotton seeds contains approximately 1.5 per cent total phosphorus and approximately 
0.08 per cent (5 per cent of the total) inorganic phosphorus, it is apparent that in the 
period between 21 days after flowering and maturity of the cotton seed there is an 
increase in the content of organic phosphorus with a concomitant decrease in the 
content of inorganic phosphorus. It is logical to assume that similar changes 
may occur during maturation in all seeds. 
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seeds were again ground and extracted with Skellysolve F. After evapora- 
tion of the solvent at room temperature, the meal was sieved to remove a 
large percentage of the hulls before being ground. The meal! contained 
0.755 per cent total phosphorus and 0.034 per cent inorganic phosphorus 
(4.6 per cent of the total). 

Peanut Protein—Peanut meal was extracted with a dilute sodium 
hydroxide solution (pH 8.0), and the extract was clarified by centrifuga- 
tion. The protein was precipitated at pH 4.5 by the addition of hydro- 
chloric acid, and recovered by centrifugation. The moist protein was 
suspended in water (thymol was added), transferred to cellophane (Visking) 
membranes, and dialyzed against running distilled water at 4° for 3 days. 
The suspension was then dried by lyophilization (18). The dried protein 
had the following composition: moisture 10.4 per cent, nitrogen 15.43 
per cent, ash 0.31 per cent, total phosphorus 0.645 per cent, and inorganic 
phosphorus 0.014 per cent. 

Cottonseed Protein—Ethy] ether-extracted cottonseed meal was extracted 
by being stirred occasionally with sodium hydroxide solution (pH 11.0) 
for } hour, and the extract was removed by centrifugation. The protein 
was precipitated at pH 4.0 by the addition of hydrochloric acid, and 
was then treated exactly as described above for the preparation from 
peanuts. The dried protein had the following composition: moisture 
10.64 per cent, nitrogen 14.0 per cent, ash 0.22 per cent, total phosphorus 
1.164 per cent, and inorganic phosphorus 0.013 per cent. 

Nitrogen Determination Procedures—(a) The procedure used for deter- 
mining the percentage of total meal nitrogen peptized has been given in 
detail previously (19) but was, briefly, as follows: 2.5 gm. portions of the 
meal, contained in separate 200 ml. screw cap centrifuge bottles, were 
treated with 100 ml. of water containing sufficient sodium hydroxide 
solution or acid solution to give the final pH value desired. The suspen- 
sions were allowed to stand for 3 hours at room temperature with occasional 
shaking and were then clarified in the centrifuge. The pH values of the 
extracts were determined by means of a glass electrode, and total nitrogen 
was determined on duplicate aliquots by either the semimicro- or the macro- 
Kjeldahl method. All of the nitrogen values reported in this paper were 
calculated on the basis of the total volume of solvent added in each case. 

(b) The procedure used for determining the percentage of total nitrogen 
peptized for dialyzed meal samples was as follows: 2.5 gm. portions of the 
meals were transferred to cellophane membranes with 50 ml. of water and 
dialyzed at 4° against running distilled water for 48 hours. The contents 
of the membranes were transferred to 100 ml. glass-stoppered graduated 
cylinders and the volumes were adjusted to 100 ml. by adding water and 
sufficient sodium hydroxide solution or acid solution to give the final pH 
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values desired. The remainder of the procedure was exactly as described 
under (a), except that, in calculating the percentage of total nitrogen 
peptized, the total nitrogen of the dialyzed meal was considered to be 
equal to the total nitrogen of the original meal minus that lost during 
dialysis. 

(c) The procedure employed for determining the percentage of total 
nitrogen peptized in experiments in which the isolated protein was used 
was exactly as given under (a) above, except that only 1.25 gm. of protein 
were treated with 100 ml. of solvent. 

Total Phosphorus—Usually, the phosphorus analyses were carried out 
on aliquots of the same solutions used for determining nitrogen solubility, 
Total phosphorus was determined either by the method of Fontaine 
(20), with the spectrophotometer at a wave-length of 820 my, or by a 
modification of the reduced molybdate method of Gerritz (21) with the 
Evelyn colorimeter with a No. 660 filter. 

Inorganic Phosphorus—Extraction of inorganic phosphorus was ac- 
complished by a modification of the procedure of Berenblum and Chain 
(22). The method may be described briefly as follows: Equal volumes of 
the meal extracts and 12 per cent trichloroacetic acid (usually 5 ml. of each) 
were pipetted into 15 ml. conical centrifuge tubes, mixed, and centrifuged. 
2 ml. of the clear supernatant solution were pipetted into a 125 ml. separ- 
atory funnel marked at 20 ml.; then 1.5 ml. of 10 N H,SO, and 5 ml. of 5 
per cent ammonium molybdate were added, and the mixture was diluted to 
20 ml. with distilled water and mixed by swirling. 10 ml. of isobutyl 
alcohol were added, after which the funnel was shaken for 14 minutes and 
the aqueous layer was discarded. The isobutyl alcohol layer was washed 
with two successive 10 ml. portions of approximately 1.0 N H2SQ,, and the 
washings were discarded. Then 15 ml. of the stock solution of SnCl, (10 
gm. of SnCl,-6H;O in 25 ml. of concentrated HCl), diluted (1:200) with 
approximately 1.0 n H2SQ,, were added to the isobutyl alcohol layer, and 
the mixture was shaken for 30 seconds. The aqueous layer was discarded. 
The blue isobutyl alcohol layer was transferred to a 50 ml. volumetric 
flask and diluted to volume with 95 per cent ethy] alcohol. 

The intensity of the blue color was measured 1 hour after development 
in an Evelyn photoelectric colorimeter equipped with a No. 660 filter. 
The intensity of the blue color developed was found to become stable ap- 
proximately 40 minutes after development and to remain stable for at least 
19 hours. 

When meal and protein samples were analyzed directly, inorganic phos- 
phorus was extracted by shaking a 1 gm. sample of the material with 50 
ml. of 6 per cent trichloroacetic acid for 1 hour. The mixture was filtered 
through paper, and a 2 ml. aliquot of the filtrate was used for analysis, 38 
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outlined above. A more detailed investigation of the inorganic phosphorus 
method used in the work reported here has been published by Pons and 


Guthrie (23). 
EXPERIMENTAL 


Solubility of Nitrogen and Phosphorus’ Compounds of Peanut, Cott " 
and Soy Bean Meals in Hydrochloric Acid and Sodium Hydroxide Solutions 
over Wide pH Range—The solubility of the nitrogen and phosphorus com- 
pounds in peanut meal extracts, as a function of pH, is shown in Fig. 
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Fig. 1. The percentage of the total nitrogen and phosphorus of solvent-extracted 
peanut meal which is soluble in hydrochloric acid and sodium hydroxide solutions at 
different pH values. The inorganic phosphorus values are reported as percentage of 
the total meal phosphorus. 


1. Itis at once apparent that the solubility of the phosphorus compounds 
does not correspond to that of the nitrogenous constituents. A very sharp 
minimum (15 per cent) in the total phosphorus solubility curve occurs at 
pH 3.5, whereas the minimum solubility range for the nitrogenous constit- 
uents extends from pH 3.8 to 5.5. Total phosphorus solubility increases 
very rapidly on either side of the minimum to maximum values (about 97 
per cent) at pH 0.5 and 6.5. It is evident, however, that between pH 3.5 
and 1.5 the total phosphorus solubility is dependent upon the nitrogen 


* Since practically all of the phosphorus of the oil-free seed meals is present as 
phytin, and since practically all of the nitrogen is present as protein, the results can 
be considered as representative of the solubilities of phytic acid and protein. 
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solubility, indicating that most of the phosphorus (85 per cent) apparently 
is combined with the proteins at pH 3.5. This conclusion appears to be 
justified, since the proteins at pH 3.5 have a net positive charge and should 
be capable, therefore, of reacting with phytic acid. From pH 3.5 to 6.5 the 
total phosphorus solubility increases more rapidly than does the nitrogen 
solubility, indicating that as the proteins pass through their isoelectric 
points the protein-phytic acid complexes dissociate. For example, at pH 
5.8 only 13 per cent of the meal nitrogen is in solution, whereas 86.6 per 
cent of the phosphorus is soluble. 

At pH values lower than 1.5 the solubility of the meal proteins decreases 
rapidly, while there is a slight increase in the percentage of the total phos- 
phorus which is soluble. The present evidence leads to the belief that this 
effect arises from the complete displacement of the phytic acid ion by the 
chloride ion at pH values lower than 1.5. At pH values higher than 6.5 
the opposite result is obtained; namely, the percentage solubility of total 
phosphorus decreases, while that of the nitrogen increases. In this in- 
stance precipitation of the normally soluble phytate ion results from the 
formation of an insoluble mixed magnesium, calcium, and potassium salt of 





























phytic acid. 

The percentage of the total phosphorus of the peanut meal found to be 
inorganic phosphorus over the entire pH range is also shown in Fig. 1. 
From pH 0.4 to 1.7 (1.0 N to 0.05 Nn HCl) a constant value (9.7 per cent) 
was found for the inorganic phosphorus content of these extracts. At pH 
values above 1.7 there was a significant increase in the amount of inorganic 
phosphorus present in the extracts. This increase is undoubtedly due to 
the enzymatic activity of the phytase* of the peanut meal, since the time 
elapsing between the preparation of the extract and analysis usually was 
4hours. A maximum solubility value of 14.2 per cent inorganic phosphorus 
was obtained at pH values of 4.93, 5.32, and 5.52 (0.0075 N, 0.005 N, and 
0.004 n HCl, respectively), followed by decreasing solubility until a 
constant value of 7.9 per cent was obtained between pH 8.91 and 10.61 
(0.006 N and 0.015 nN NaOH, respectively). ‘These results indicate that 
the pH of optimum activity for the peanut phytase is in the range pH 4.8 
to 6.0 at 25°. In this connection, it should be pointed out that the min- 
imum solubility value for inorganic phosphorus in the pH range 8.91 to 


? Germination of peanut and cottonseed at 30° between moist filter paper (in the 
dark) showed a rapid conversion of organic phosphorus to inorganic phosphorus. 
After 0, 24, 48, 72, and 96 hours germination, the seeds were dried at 105°, and the oil 
was extracted with Skellysolve F. The percentage of the total phosphorus present 
as inorganic phosphorus after the times indicated was 12.2, 11.2, 15.7, 23.2, and 32.4, 
respectively, for the peanut, and 10.0, 11.2, 24.9, 35.4, and 44.4, respectively, for the 


cottonseed. 












aw we. FF « 





itly 
be 
uld 
the 
gen 
tric 








FONTAINE, PONS, AND IRVING 493 


10.61 is 2 per cent lower than that in the pH range 0.4 to 1.7. Upon 
autolysis for 24 hours at 25°, meal extracts having pH values within the 
range 0.4 to 1.7 or 8.91 to 10.61 showed no appreciable increase in inorganic 
phosphorus. However, a very rapid increase did occur in the inorganic 
phosphorus content as the result of autolysis of extracts having pH values 
within the range of optimum phytase activity (pH 4.8 to 6.0). 

The solubility of the nitrogen and phosphorus compounds in cottonseed 
meal extracts, as a function of pH, is shown in Fig. 2. With cottonseed 
meal extracts, as with peanut meal extracts, the solubility of the phosphorus 
compounds does not correspond to that of the nitrogenous constituents. 
However, the solubility of total phosphorus obtained at various pH values 
for cottonseed meal differs from that obtained for peanut meal. With 
cottonseed meal a minimum total phosphorus solubility (17 per cent) is 
observed at approximately pH 2.75. Increasing amounts of phosphorus 
become soluble on either side of this pH value. Maximum phosphorus 
solubility (85 per cent) occurs at pH 0.70 and 6.0. However, at neither of 
these pH values does the nitrogen solubility curve approach that for total 
phosphorus. The cottonseed phosphorus solubility curve does approach 
the nitrogen solubility curve between pH 2.75 and 1.5, and it may be as- 
sumed that the association between protein and phytic acid is greatest in 
this pH range. 

The percentage of the total meal phosphorus which is soluble between 
pH 7.0 and 11.0 is much less for cottonseed than for peanut. This behavior 
may be explained on the assumption that the ratio of magnesium and 
calcium to potassium in the cottonseed exceeds that in the peanut; hence, 
there is a greater probability that a more insoluble mixed salt of phytic 
acid will be formed in alkaline extracts of cottonseed meal. 

The results of analyses for inorganic phosphorus in cottonseed meal 
extracts covering the entire pH range are also shown in Fig.2. A minimum 
value of 4.8 per cent-soluble inorganic phosphorus was found in the pH 
range 0.32 to 1.98 (1.0 n to 0.05 n HCl, respectively). A maximum value 
of 7.9 per cent-soluble inorganic phosphorus was obtained at pH values of 
4.0, 4.2, and 4.4 (0.02 n, 0.0175 N, and 0.015 n HCl, respectively), followed 
by decreasing solubility, until a value of 2.5 per cent was obtained between 
pH 8.65 and 11.08. Thus the optimum pH range for cottonseed phytase* 
activity lies between pH 4.0 and 5.0 at 25°, as contrasted to a range of pH 
4.8 to 6.0 found for peanut phytase. 

The solubility of the nitrogen and phosphorus compounds in soy bean 
meal extracts, as a function of pH, is shown in Fig. 3. The nitrogen solu- 
bility curve for soy bean meal is quite similar to that shown for peanut 
meal (Fig. 1), except at the lower pH values where nitrogen solubility in 
the case of soy bean meal exceeds that for peanut meal. A minimum (15 
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Fig. 2. The percentage of the total nitrogen and phosphorus of solvent-extracted 
cottonseed meal which is soluble in hydrochloric acid and sodium hydroxide solutions 
at different pH values. The inorganic phosphorus values are reported as percentage 
of the total meal phosphorus. 
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per cent) in the total phosphorus solubility curve is obtained at pH 3.85 
and the maxima (around 87 per cent) at pH values of 0.28 and 6.4 to 6.6. 
Of particular interest is that part of the soy bean phosphorus solubility 
eurve which lies above pH 7.0 where, in contrast to peanut and cottonseed, 
there is very little decrease in the solubility of phosphorus compounds. 
It is evident, then, that, although the soy bean and peanut meals used in 
these experiments contain practically the same amount of phosphorus, an 
alkaline extract (above pH 8.0) of soy bean meal will contain almost twice 
as much soluble phytin phosphorus as will a similar extract prepared from 
peanut meal. The practical importance of this fact will be discussed in a 
later section. 

The percentage of the total soy bean meal phosphorus, which was found 
to be inorganic phosphorus in extracts of different pH values, is also shown 
in Fig. 3. A minimum inorganic phosphorus solubility value of 4.6 per 
cent was found in the pH range 0.28 to 1.82 (1.0 n to 0.05 n HCl, respec- 
tively) and a maximum of 13.5 per cent in the pH range 4.7 to 4.98 (0.01 n 
to 0.0075 n HCl, respectively), followed by a decrease to a minimum value 
of 4.6 per cent in the pH range 9.5 to 10.7 (0.0075 Nn to 0.015 n NaOH, 
respectively). The minimum inorganic phosphorus solubility values in 
acid and alkaline solutions are the same in the case of the soy bean, whereas 
the minima differ slightly in the case of both the peanut and cottonseed 
(Figs. 1 and 2). 

Comparison of Solubility of Nitrogen and Phosphorus Compounds of 
Peanut and Cottonseed in Hydrochloric, Sulfuric, and Trichloroacetic Acids— 
The solubilities of the nitrogen and phosphorus compounds in peanut meal, 
as a function of pH and of the various acids used to adjust the pH, are 
shown in Fig. 4, and the corresponding results for cottonseed meal are 
shown in Fig. 5. A very sharp minimum in phosphorus solubility occurs 
at pH 3.5 in the case of peanut meal (Fig. 4) when hydrochloric acid is used 
as the extractant, whereas a rather broad minimum solubility range (pH 
2.0 to 4.0) results when sulfuric and trichloroacetic acids are used. These 
differences in the broadness of the minimum phosphorus solubility zone, 
when these three acids are used to extract peanut meal, can be attributed to 
the fact that sulfuric and trichloroacetic acids differ appreciably from hy- 
drochloric acid in their ability to peptize peanut meal proteins in the pH 
range 3.5 to 1.5. In the pH range 3.5 to 6.5 the amount of phosphorus 
which is soluble is independent of the particular acid employed in adjusting 
the pH of the peanut meal suspension. This behavior provides further 
evidence of the dissociation of protein-phytic acid complexes at pH values 
higher than 3.5, as has been brought out previously. 

The phosphorus solubility curves for cottonseed meal (Fig. 5) approx- 
imate each other over the entire pH range investigated, regardless of the 
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acid used to adjust the pH, a finding which is in contrast to the phosphorus 
solubility behavior observed in the case of peanut meal with the same acids 
(Fig. 4). The small variation in phosphorus solubility, when these three 
acids are used to extract cottonseed meal, can be attributed to the fact that 
these acids differ less in their ability to peptize cottonseed meal proteins 
than in their ability to peptize peanut meal proteins in the pH range, 3.0 
to 1.5. The influence of the solubility of nitrogenous constituents on the 
solubility of phosphorus compounds in seed meals is again apparent and 
points again to the existence of protein-phytic acid complexes in acid 
solutions. 

The inorganic phosphorus content of the sulfuric and trichloroacetic 
acid extracts was, for all practical purposes, identical with that obtained 
by the use of hydrochloric acid, as is shown in Figs. 1 and 2 for peanut and 
cottonseed meals, respectively. 

Influence of Phytic Acid on Solubility of Peanut and Cottonseed Meal 
Proteins in Acid Solutions—That phytic acid forms a complex with the 
proteins of peanut and cottonseed meal on the acid side of the isoelectric 
range has been demonstrated in the foregoing sections of this paper. It 
has been shown (16), also, that the removal of dialyzable meal constituents 
increases the solubility of the meal proteins in acids at pH values below their 
isoelectric range. Since the dialyzable meal constituents were found to 
contain a large percentage of the meal phosphorus, it was deemed probable 
that the removal of phytic acid through dialysis might be responsible for 
the increased solubility of the nitrogenous constituents of the dialyzed 
meal. Accordingly, experiments were designed to verify this assumption. 

2.5 gm. samples of peanut and cottonseed meals were dialyzed against 
running distilled water at 4° for 48 hours. Dialysis resulted in the re- 
moval of 23 per cent of the meal solids, including 5 per cent of the nitrogen, 
71 per cent of the ash, and 91 per cent of the phosphorus, from peanut meal 
and in the removal of 33 per cent of the cottonseed meal solids, including 
7 per cent of the nitrogen, 65 per cent of the ash, and 67 per cent of the 
phosphorus. The dialyzed meal suspensions obtained in this manner were 
used to determine the effect of the addition of phytic acid on the solubility 
of the meal proteins. The nitrogen solubility of the dialyzed samples was 
determined under the following conditions. (a) The pH of individually 
dialyzed samples was adjusted with hydrochloric acid; (b) the pH was ad- 
justed with hydrochloric acid, and 135 mg. and 260 mg. of sodium phytate‘ 
were added to the dialyzed peanut and dialyzed cottonseed meal suspen- 
sions, respectively ; (c) the pH was adjusted with hydrochloric acid, and 110 
mg. and 200 mg. of phytic acid‘ were added to the dialyzed peanut and 

‘The samples of sodium phytate and phytic acid were obtained through the cour- 
tesy of the Corn Products Refining Company, Argo, Illinois. Analysis by the authors 
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dialyzed cottonseed meal suspensions, respectively. The final volumes 
were brought to 100 ml. with distilled water. The results of analyses for 
soluble nitrogen are shown for peanut meal in Fig. 6 and for cottonseed 
meal in Fig. 7. 

In Fig. 6 the difference between the nitrogen solubility curves for un- 
dialyzed and dialyzed peanut meals is apparent. The protein in the 
dialyzed meal is much more soluble between pH 4.0 and 1.5 than is that in 
the undialyzed meal, as is illustrated at pH 3.5 where the nitrogen solu- 
bility values are 75 and 15 per cent, respectively. Upon the addition of 
either sodium phytate or phytic acid in the concentrations previously 
specified, the nitrogen solubility values for the dialyzed meal in the pH 
range 4.0 to 1.5 are reduced to values even lower than were found for the 
undialyzed meal, indicating the formation of insoluble protein-phytic acid 
complexes. These lower nitrogen solubility values are due to the fact that, 
when sodium phytate or phytic acid was added to the dialyzed meal sus- 
pensions, the quantities added were equivalent to slightly more than the 
amount of phytic acid phosphorus lost on dialysis of the meal. To illus- 
trate more clearly the formation of insoluble protein-phytic acid complexes, 
500 mg. of sodium phytate were added to a dialyzed meal suspension at 
pH 1.4. Under these conditions 20 per cent of the total nitrogen was 
soluble, as compared to 80 per cent when only 135 mg. of sodium phytate 
were used. 

Similar results were obtained when dialyzed cottonseed meal (Fig. 7) was 
subjected to the procedure described above for peanut meal. The addition 
of the specified amount of phytic acid did not produce as great a decrease in 
nitrogen solubility as did the sodium phytate, but this can probably be 
attributed to the impurity of the phytic acid. This is borne out by the 
fact that, when only 80 mg. of sodium phytate were added to the dialyzed 
meal suspension at pH 1.4, 50.5 per cent of the total nitrogen was soluble, 
whereas, when 260 mg. were added, only 29.3 per cent of the nitrogen was 
soluble at the same pH. 

The results for both peanut and cottonseed meals show that the phytin 
present in these seed meals reduces the solubility of the meal proteins at 
pH values below the isoelectric points of the proteins. However, phytin 
does not appear to influence the solubility of peanut and cottonseed meal 
proteins at alkaline pH values, as is evidenced by the close similarity of the 
nitrogen peptization curves for the dialyzed and undialyzed meals in the 
alkaline range (16). 

Comparison of Nitrogen and Phosphorus Solubility Curves for Isolated 








revealed that less than 1 per cent of the total phosphorus was inorganic in the sodium 


phytate sample, and that the crude phytic acid sample contained 22 per cent total | 


phosphorus, of which approximately one-fifth was inorganic phosphorus. 
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Fig. 6. The percentage of the total nitrogen of undialyzed (©) and dialyzed (x) 
peanut meal and of dialyzed peanut meal to which has been added either phytic acid 
(A) or sodium phytate (@), which is soluble in hydrochloric acid solutions at different 
pH values. 
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Fig. 7. The percentage of the total nitrogen of undialyzed (O) and dialyzed (x) 
cottonseed meal and of dialyzed cottonseed meal to which has been added either 


| phytic acid (A) or sodium phytate (@), which is soluble in hydrochloric acid solu- 
lions at different pH values. 
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Peanut and Cottonseed Protein and Their Significance in Protein Isolation~ 
Nitrogen and phosphorus solubility curves for peanut and cottonseed pro- 
teins containing 0.645 and 1.164 per cent total phosphorus, respectively, 
over a wide pH range (HCl and NaOH being used to adjust the pH) are 
shown in Figs. 8 and 9, respectively. The phosphorus solubility curves for 
the isolated proteins differ from the corresponding solubility curves for the 
meals in exhibiting (a) a broader minimum pH range of phosphorus solubil- 
ity, (b) no decrease in the amount of soluble phosphorus at pH values above 
6.0, and (c) a significantly lower phosphorus solubility in the pH range just 
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Fic. 8. The percentage of the total nitrogen and phosphorus of isolated peanut 


protein, which is soluble in hydrochloric acid and sodium hydroxide solutions at 
different pH values. 


below the isoelectric zone of the proteins. There are, however, similarities 
in the phosphorus solubility curves for the isolated proteins and the cor- 
responding meals; namely, (a) the phytic acid ion is displaced from the 
protein at very low pH values, and (b) on the alkaline side of the isoelectric 
zone of the proteins, the protein-phytic acid complexes are increasingly 
dissociated. 

In order to interpret the differences and similarities that exist between the 
solubility curves for the isolated proteins (Figs. 8 and 9) and for the cor 
responding meals (Figs. 1 to 7), it is necessary to reconsider at this point 
some of the solubility data obtained on peanut and cottonseed meals. 
The progressive decrease in phosphorus solubility between pH 6.5 and 3.5 
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for peanut meal (Fig. 1), and between pH 6.0 and 2.75 for cottonseed meal 
(Fig. 2), may be attributed to the increased reactivity of the protein due to 
an increase in the positive charge on the protein molecules. Thus at 
pH 3.5 the proteins, representing approximately 50 per cent by weight 
of peanut meal, react with 85 per cent of the total meal phosphorus, 
amounting to a ratio of approximately 0.85 gm. of protein to 13.0 mg. 
of phosphorus. In other words, 1 gm. of the protein in peanut meal is 
capable of reacting at pH 3.5 with at least 15.3 mg. of phosphorus in the 
form of phytic acid. If a protein preparation could be isolated under 
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Fic. 9. The percentage of the total nitrogen and phosphorus of isolated cottonseed 
protein, which is soluble in hydrochloric acid and sodium hydroxide solutions at 
different pH values. 


these conditions, it would contain phytic acid as an impurity to the extent 
of approximately 5.5 per cent of the weight of the protein. The closest 
experimental approach to the isolation of such a phytic acid-protein 
complex can be made by extracting the meal nitrogen at either pH 1.5 
or 6.75, the two points where approximately maximum nitrogen and phos- 
phorus solubility occur simultaneously, and by then precipitating the 
proteins at approximately pH 4.0 (Fig. 1). 

Since cottonseed meal contains approximately twice as much phosphorus 
as peanut meal, it is possible for the cottonseed meal proteins to react with 
twice as much phytic acid as do the peanut meal proteins. Thus at pH 
2.75 (Fig. 2) the proteins of cottonseed meal react with 82 per cent of the 
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total phosphorus, amounting to a ratio of approximately 0.82 gm. of pro. 
tein to 25.2 mg. of phosphorus. 1 gm. of protein in cottonseed meal 
would, therefore, be capable of reacting at pH 2.75 with at least 30.8 mg. of 
phytic acid phosphorus. Such a protein preparation would contain ap. 
proximately 11.0 per cent phytic acid as an impurity. The nitrogen and 
phosphorus solubility curves (Fig. 2) show, however, that the isolation of 
a major cottonseed protein fraction having such a high phytic acid content 
would be impossible if either hydrochloric acid or sodium hydroxide were 
used to extract the proteins from the meal. Nevertheless, it should be 
possible to obtain a protein fraction having a high phytic acid content by 
extracting cottonseed meal with a sodium chloride solution (0.5 N) at pH 
6.0 (24) and by precipitating the protein at pH 2.75. 

With these facts in mind it is possible to arrive at a clear interpretation 
of the solubility curves presented in Figs. 8 and 9 and toevaluate the signif- 
icance of these results in protein preparation operations. The peanut and 
cottonseed protein preparations used in the experiments reported above can 
be used to illustrate some interesting points concerning the protein-phytic 
acid relationship in the peanut and cottonseed. It will be recalled that, in 
the preparation of the peanut protein, peanut meal was extracted at pH 
8.0 and that under these conditions 96 per cent of the total meal nitrogen 
and 52 per cent of the total phosphorus were extracted (Fig. 1). Upon 
precipitation of the proteins at pH 4.5, approximately 90 per cent 
(Fig. 1) of the total meal nitrogen was precipitated. The percentage 
phosphorus in the isolated protein (after 3 days dialysis) was 0.645 per 
cent. The protein isolated under these conditions contained, therefore, 
6.45 mg. of phosphorus per gm. of protein. Thus it is apparent that the 
protein reacted almost completely with the phytin which was present in the 
pH 8.0 meal extract, since only about 45 per cent of the total phytic acid 
phosphorus (equivalent to 3.43 mg. per gm. of meal) was extracted under 
these conditions. From a consideration of these data and the fact that 
phytic acid has been shown to diminish nitrogen solubility, it would be 
expected that the nitrogen solubility curve for isolated peanut protein 
should lie between the curves for the dialyzed meal (approximately 2 mg. 
of phosphorus per gm. of protein) and the undialyzed meal (approximately 
15 mg. of phosphorus per gm. of protein), inasmuch as there is present in the 
isolated peanut protein sufficient phytic acid (approximately 6 mg. of 
phosphorus per gm. of protein) to reduce its solubility. This line of reason- 
ing is partially substantiated by the nitrogen solubility behavior of isolated 
cottonseed protein. In this case, isolated cottonseed protein (approx- 
imately 11 mg. of phosphorus per gm. of protein) contains nearly the same 
ratio of phytic acid phosphorus to protein as does the dialyzed meal (ap- 
proximately 10 mg. of phosphorus per gm. of protein) and, as would be 
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expected, the nitrogen solubility curves for the isolated protein and dialyzed 
meal are practically superimposable. 


DISCUSSION 


Theoretical and Practical Signijicance of Protein-Phytic 
Acid Relationship 

The results reported in this paper on the solubility of the phosphorus and 
nitrogen compounds of peanut, cottonseed, and soy bean meals and the 
results of other investigators on oat flour (25), horse-bean meal (26), hemp 
meal (27), and wheat flour (28) suggest some interesting possibilities in 
protein chemistry which are of equal theoretical and practical importance. 
A consideration of these data reveals a possible reason for the difficulty 
encountered in the purification of some of the seed proteins and in obtaining 
protein preparations having reproducible physical and chemical character- 
istics. 

In connection with a recent publication dealing with the color of peanut 
and cottonseed proteins (29), it was necessary to isolate a large number of 
protein preparations by different procedures. These and several additional 
preparations have since been analyzed for moisture, nitrogen, ash, and phos- 
phorus, and representative results are given in Table I. The following 
conclusions may be drawn from these data: (a) For a given meal extract, 
the amount of phosphorus that will precipitate with the protein is dependent 
upon the pH of precipitation; (b) the phosphorus content of most of the 
protein preparations is not decreased appreciably by washing the moist 
protein cake with water or organic solvents; (c) the phosphorus content 
of an isolated protein preparation is practically independent of its ash 
content; (d) dialysis of aqueous suspensions of these protein preparations 
does not result in the removal of the phosphorus, although it has been shown 
earlier in this paper that, if dialysis of the meals is carried out at the proper 
pH values, appreciable amounts of the phosphorus can be removed. 

It is apparent, therefore, that phytic acid is likely to be a major impurity 
in seed protein preparations. Jones and Csonka (30) isolated two protein 
fractions having high ash contents from a clear, filtered sodium chloride 
extract of cottonseed meal. The first protein fraction flocculated from the 
sodium chloride extract at 62°, and after its removal the second fraction 
was obtained by heating the solution at 85°. Since the nitrogen content 
of these two fractions was extremely low (approximately 2 per cent cal- 
culated on a moisture-free but ash-included basis), while the ash content 
(approximately 68 per cent on a dry basis) approached closely to that of 
phytin, it appears that the heating of the sodium chloride extract resulted 
in the flocculation of phytin with the occlusion of a small amount of protein. 











504 PROTEIN-PHYTIC ACID IN SEEDS 


Similar “impure phytin preparations” have been obtained from both 
peanut and cottonseed meals in the course of the present investigations, 






































Tase I 
Nitrogen, Phosphorus, and Ash Contents of Various Peanut and Cottonseed Protein 
Preparations 
} 

Source and method of preparation* Prseea Method of drying | _— Ash — | Ld 
| eee ee ee 
| percent) per cent| per cent| per cent 

Red skin peanuts; protein ex-| 1 | Alcohol-ether | 10.2 | 0.2 | 15.3 | 0.21 
tracted, pH 7.0, pptd. at pH | Air | 10.5 | 0.2 | 14.9 | 0.24 

~ 6.0; washed 3 times with water 

Protein in supernatant from | 3 | Alcohol-ether | 9.6 | 0.2 | 14.8 | 0.64 
Nos. 1 and 2 pptd., pH 4.5;| 4 | Air 9.8/0.1 | 14.4] 0.72 
washed 3 times with water | | | 

Portion pH 7.0 extract used for | 5 | Alcohol-ether 9.4 0.2 | 15.0 0.52 
Nos. 1 and 2 adjusted to pH 6 | Air | 9.3 }0.3 | 14.9 | 0.70 
4.5; washed 3 times with water | 

Red skin peanuts; protein ex- 7 | Air 9.5 | 1.45 | 15.0 | 0.30 
tracted, pH 8.2, pptd., pH 5.5; 8 | Dioxane | 9.7 | 1.71 | 14.8 | 0.30 
not water-washed 9 | Acetone | 8.8] 1.15 | 15.3 | 0.35 

10 | MeEt ketone | 9.7 | 1.27 | 15.3 | 0.33 

Red skin peanuts; protein ex-| 11 | Air 9.3 | 1.33 | 14.2 | 0.85 
tracted, pH 8.2, pptd., pH 4.5; | 12 | Dioxane 9.0 | 1.41 | 15.1 | 0.81 
not water-washed 13 | Acetone 9.0 | 1.50 | 14.9 | 0.78 

14 | MeEt ketone 8.9 | 1.48 | 15.0 | 0.79 

White skin peanuts; protein ex- | 15f | Lyophilized 10.4 | 0.31 | 15.4 | 0.645 
tracted, pH 8.0, pptd., pH 4.5; 
dialyzed 72 hrs. 

Petroleum ether-extracted cot- | 16 | Air | 9.3 | 3.35 | 13.0 
tonseed; protein extracted, pH | 17 | Dioxane | 8.7 | 2.15 | 13.4] 1. 
11.0, and pptd., pH 4.0; not | 18 | Acetone | 8.9 | 2.43 14.0 | 1.28 
water-washed 

Ethyl ether-extracted cotton- | 19f | Lyophilized | 10.6 | 0.22 | 14.0 | 1.14 
seed; protein extracted, pH | | 
11.0, and pptd., pH 4.0; dia- | 
lyzed 72 hrs. | 








* A single batch of protein was prepared for each group, and the moist protein 
cake was divided into approximately equal parts. These were then dried as indi- 


cated. 
t These protein preparations were those used in the present solubility investigs- 


tion. 


Vickery (31) has reported considerable difficulty in obtaining clear soy 
bean meal extracts that contain most of the meal nitrogen. The phytate 
ion may be partly responsible for this behavior, since Vickery’s work was 
conducted at pH 7.1 to 7.5. Results obtained during experiments de 
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signed to evaluate the color of various protein preparations (29) also 
suggest that the phytate ion may be responsible for the cloudiness of some 
protein solutions. It was found, in conducting color measurements, that 
practically all peanut protein preparations gave clear solutions upon 
moderate centrifugation at the high pH employed, whereas it was more 
difficult and often impossible to clarify solutions of soy bean and cottonseed 
protein preparations sufficiently to make spectrophotometric measurements 
possible. It was found that alkaline solutions of cottonseed protein 
preparations, after standing for some time, formed a flocculent precipitate 
which was high in phosphorus and probably consisted of phytin together 
with some adsorbed protein. Moreover, the ash content of the original 
protein preparation in such instances was relatively high. If, as these 
data seem to indicate, the phytate ion is responsible for the cloudiness of 
solutions of soy bean protein preparations, dialysis of a soy bean meal 
suspension against running distilled water at 4° should remove sufficient 
phytic acid and salts to make possible the subsequent preparation of a clear 
extract containing most of the protein nitrogen of the dialyzed meal. 

Since phytic acid can be considered to occur as an impurity in most seed 
protein preparations, it is reasonable to suppose that its presence would 
influence the crystallization and denaturation behavior of these proteins 
and also influence the results of investigations that involve the measure- 
ment of the electrophoretic mobility, viscosity, or action of proteolytic 
enzymes on solutions of these proteins. 

It should not be overlooked that phytic acid is a source of biologically 
active inositol which may be of commercial value either as a vitamin or as a 
starting material for the synthesis of organic chemicals. The seed meals, 
and particularly cottonseed meals, contain appreciable quantities of phytin 
which can be recovered under certain conditions as a by-product of protein 
isolation. Before the details of the protein-phytic acid solubility re- 
lationship were completed, it was thought that it might be possible to 
isolate phytin in good yields from the mother liquor remaining after the 
precipitation of the protein from seed meal extracts. However, the results 
given in this paper demonstrate that the isolation of phytin by this pro- 
cedure is not economically or commercially feasible, inasmuch as the 
proteins, upon precipitation, combine with most of the phytic acid present 
in the extract. On the other hand, if peanut, cottonseed, and soy bean 
meals are leached with dilute acid at pH 5.5, 5.75, and 5.0 respectively, 
80, 85, and 55 per cent, respectively, of the total phosphorus can be re- 
moved from these meals without an appreciable removal of protein nitro- 
gen. The leachings could then be used for isolation of phytin, and the 
leached meals for protein isolation. As a matter of conjecture, protein 
preparations obtained from leached meals having low phytic acid content 
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might have sufficiently superior qualities for industrial utilization to justify 2 
this additional step in the isolation procedure. | 2 
2 

SUMMARY a 

Solubility data are presented for the nitrogen- and phosphorus-containing x 
constituents of peanut, cottonseed, and soy bean meals in various acid and 31 


sodium hydroxide solutions over a wide pH range. 

It has been established that the naturally occurring phytic acid in seed 
meals is responsible for the suppression of the solubility of the seed meal } 
proteins at pH values below their isoelectric points. 

Phytic acid is a major impurity in isolated seed meal protein prepara- 
tions, the amount depending upon the methods of extraction and pre- 
cipitation and the degree of purification. 

Evidence is presented which suggests that the phytate ion may influence 
the degree of clarity of certain seed meal extracts. 

The approximate pH optima are given for the action of phytases in 
peanut, cottonseed, and soy bean meals. 
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DISTRIBUTION OF INTRAVENOUSLY INJECTED FRUCTOSE 
AND GLUCOSE BETWEEN BLOOD AND BRAIN* 


By J. RAYMOND KLEIN, RUTH HURWITZ, anp NORMAN S8. OLSEN 


From the Departments of Psychiatry and Biological Chemistry, University of Illinois 
College of Medicine, Illinois Neuropsychiatric Institute, Chicago) 


(Received for publication, April 12, 1946) 


Fructose, injected intravenously, in contrast to glucose, does not main- 
tain the electrical activity of brain (2) or relieve symptoms of hypoglycemia 
3) in eviscerated animals. However, the rate of respiration of brain slices 
in the presence of fructose does not differ significantly from the rate in the 
presence of glucose (4, 5) and the oxidation of fructose by broken cell 
preparations of brain follows the same pattern as for glucose (6). A 
hypothesis which would explain these findings is that the rate of transfer 
of fructose from blood to brain in vivo is not sufficient to provide a concen- 
tration of sugar that would meet the metabolic requirements of brain. 

In the present work the distribution of fructose and glucose between 
arterial blood plasma and cerebral hemispheres of cats was determined at 
various times after intravenous injection of these sugars. The data ob- 
tained support the hypothesis. 


EXPERIMENTAL 


In some experiments the cerebral hemispheres of the cats were widely 
exposed and the dura reflected; in others only the skull was exposed. The 
experiments were carried out under dial! (0.5 ml. per kilo, one-half intra- 
peritoneally, the rest intramuscularly) or sodium amytal (0.07 gm. per 
kilo subcutaneously) anesthesia. The distribution of sugar between blood 
and brain was found not to be an obvious function of the different opera- 
tions or anesthetics. 

About 1 hour after the operation an initial sample of blood from the 
femoral artery was collected in a mixture of fluoride and oxalate or in 
heparin. The sugars, in a concentration of 0.5 gm. per ml., were injected 
into the femoral vein at a rate of about 3 ml. per minute. After injection 
of sugar, additional blood samples were collected from time to time. A 
final sample of blood was collected at the time the brain was frozen by 
application of liquid air. The hemispheres were chiseled out and ground 


* A preliminary report has been presented (1). 

Aided by a grant from the Rockefeller Foundation. 

‘0.1 gm. of diallylbarbituric acid and 0.4 gm. each of urethane and monoethylurea 
per ml. The laboratory is indebted to Ciba Pharmaceutical Products, Inc., for a 
supply of this drug. 
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in a mortar while frozen. Aliquots of tissue were assayed for sugar and 
blood.? All samples of blood, and plasma from the initial and final samples 
of blood, were assayed for sugar. Plasma from heparinized blood was 
prepared as quickly as possible. The sugar content of such plasma did 
not differ significantly from plasma prepared from blood collected ip 
fluoride and oxalate. 

Protein-free filtrates of blood, plasma, and tissue were prepared with 
zine hydroxide (7). Fructose was estimated colorimetrically (8). Glucose 
and total sugar, i.e. glucose plus fructose, were analyzed colorimetrically 
with a copper reagent (7). Since the degrees of reduction of the copper 
reagent by fructose and glucose were found to be practically identical, the 
difference between total sugar and fructose was considered a measure of 
glucose. The concentration of blood in brain was estimated by comparison 
of the concentration of hemoglobin in blood and brain (9). 

Blood, plasma, and brain from animals not given fructose were found 
to yield some color in the assay for fructose. In the case of brain this 
color was equivalent to 5 + 1 mg. per 100 gm. The average value, 5 mg. 
per 100 gm., was applied as a correction in the assay of brain from animals 
given fructose. In the cases of blood and plasma the values obtained with 
the preinjection samples were used as corrections. These corrections did 
not exceed 5 mg. per 100 ml. 


Results 


The data are presented in Table I. 

When no sugar was injected (Experiments 1 to 6), the mean ratio of brain 
to plasma glucose and its standard deviation were 0.411 + 0.029. Follow- 
ing injection of glucose (Experiments 7 to 13), the ratios of tissue to initial 
plasma glucose increased, the lowest ratio being 0.70, the highest 1.28. 
Comparison of these several ratios indicates that injection of glucose was 
followed by an increase in brain glucose. The increments in brain glucose 
were calculated as follows: The product of the mean ratio given above and 
the preinjection levels of plasma glucose in a given case represents the initial 
level of tissue glucose. The difference between the observed level of tissue 
glucose and the calculated initial level is a measure of the increment that 
followed injection. The results of the calculations are given in Table |. 
It may be noted that the increases in plasma glucose following injection d 
fructose were accompanied by increases in tissue glucose. 

Following injection of fructose (Experiments 14 to 22), this sugar was 


* About 0.06 ml. of blood per gm. of brain was found in the experiments in whic 
the hemispheres were exposed and about 0.02 ml. per gm. in those in which only the 


skull was exposed. 
* In the preliminary report (1) this finding was not taken into account. 
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foundin brain. The highest concentration of fructose (/*xperiment 22) was 
about two-thirds of the lowest concentration of glucose (‘Experiment 4) and 
about two-thirds of the smallest increment.in tissue glucose (Experiment 7). 


*eSize ea». em . 
Orc. 


Be . -. 


TABLE I 
Distribution of Intravenously Injected Fructose and Glucose between Plasma and 
Cerebral Hemispheres of Cats 
The concentrations of the sugars in tissue are given in terms of blood-free material. 
The increase in tissue glucose was calculated as indicated in the text. 
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| Time between Glucose 
Experi | ~ a - ~— —-—- — Fructose 
ment Sugar Dose ehuabe of Fueme Thous 
No. | final bload —" — 7 aie Wpoemeae 

and tissue ae na Final |Observed Increase | Plasma | Tissue 

a4 gm. per itd me. per | me. per | mg. per | me. per | meg. per | me. per 

| kg. , 100 ml. | 100 ml. | 100 gm. | 100 gm 100 mi. | 100 gm. 
1 | 183 | 72 | | 
9 | 258 | 120 
3 | | | 127 | bt 
4 | | 100 | 39 
5 | | 170 | 72 | | 
; | | | 10 | 43 | | 
7 Glucose 1 5 100 | 527 | 8 41 
8 | ae 1 7 | 147 | 577 | 128 | 68 | 
9 ee 1 26 127 | 472 | 136 | 84 | 
— * 2 7 87 | 930 | 104 | 68 | 
| “ 2 18 | 256 | 82 | 178 | 73 | 
— 2 24 | 127 | 660 | 162 | 110 | 
13 “ 3° 69 | 212 | S24 | 223 | 136 | 
4 | Fructose | 1 | 8 | 178 | 213 | 93 | 20 | 200 3 
15 a 1 | 10 | 306 | 380 140 14 | 212 6 
16 “ 1 30 | 167 | 220 | 81 | 12 | 236 3 
17 «“ 1.5 20 | 119 | 213 64 | 15 | 310 0 
18 “ 2 5 298 .| 270 | 131 | 9 | 980 0 
19 | ae 2 11 358 | 345 180 33 765 0 
0 | “ 2 26 288 | 214 123 5 | 596 13 
21 | a 2.9; 32 245 | 306 | 132 31 | 324 13 
2 . 3* 64 247 | 362 | 132 30 275 25 


| 
i i 











*2 gm. per kilo were given initially. About 30 minutes later an additional 1 gm. 
per kilo was given. 


The highest level of fructose was reached in about 1 hour after injection of 
the sugar, while the smallest increment in glucose was attained in 5 minutes. 
The rate of oxidation of fructose by brain in vitro is certainly not greater 


nlytie | than the rate of oxidation of glucose (4, 5) and under certain conditions is 





less (10). It may be presumed, therefore, that the observed differences in 
the increments of glucose and fructose are attributable to differences in their 


“ 
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rates of transfer from blood to brain. Comparison of Experiment 13 with | 





22 and of Experiment 7 with 14 indicates that the rate of transfer of glucog 
was 5 to 10 times greater than that of fructose. 












































DISCUSSION 


The data of Kerr, Hampel, and Ghantus (11) indicate that severe symp- 
toms of hypoglycemia appeared in cats when the concentration of glucog 
in brain was 26 mg. per 100 gm. or less. In the present experiments it was 
found that the highest level of brain fructose, 25 mg. per 100 gm., was ob. | 
tained about 1 hour after injection of the sugar and that appreciable levels 
were obtained in some experiments about 4 hour after injection. Such 
levels were attained only after injection of 2 or more gm. of sugar per kilo, 
it seems reasonably certain, therefore, that the rate of transfer of fructose 
from blood to brain is not sufficient to provide a concentration that might 
be expected to prevent or relieve the effects of hypoglycemia in eviscerated 


animals. 
SUMMARY 


The concentrations of fructose and glucose in blood plasma and brain, 
determined at intervals after intravenous injections of these sugars, are 
such as to indicate that the rate of transfer of fructose from blood to brain 
is considerably less than that of glucose. The concentrations of fructose 
found in brain were less than the concentrations of glucose required to 


maintain normal central! nervous function. 
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PHOSPHORIC ESTERS OF BIOLOGICAL IMPORTANCE 
I. THE SYNTHESIS OF GLUCOSE-6-PHOSPHATE 
By HENRY A. LARDY* ano HERMANN O. L. FISCHER 


(From the Department of Chemistry, Banting Institute, University of Toronto, Toronto, 
Canada) 


(Received for publication, April 26, 1946) 


Previous methods of preparing glucose-6-phosphate for use in biological 
experimentation were based on the isolation of this ester from a crude 
mixture of hexose monophosphates, obtained by yeast fermentation. 
The isolation was achieved by fractional crystallization of the brucine salts 
(1) or by preferential hydrolysis of the fructose component which leaves 
a considerable portion of the aldose phosphate intact (2). It has also been 
prepared by allowing phosphoglucomutase to act on glucose-1-phosphate 
(3). A chemical synthesis of the Robison ester was reported by Levene 
and Raymond (4), who treated monoacetone glucose with phosphorus 
oxychloride in pyridine at low temperatures. The yield of barium salt was 
only fair and it was necessary to purify the product by several recrystal- 
lizations of the brucine salt before it exhibited the proper rotation. These 
workers also attempted to phosphorylate glucose-1 ,2,3 ,4-tetraacetate but 
obtained an impure product in very poor yield. 

The necessity of obtaining quantities of pure glucose-6-phosphate for 
enzymatic investigations prompted an attempt to devise a practical 
synthesis of the compound. The steps involved are shown in the ac- 
companying diagram. Advantage was taken of the use of diphenyl- 
chlorophosphonate (5) as a phosphorylating agent. This substance reacts 
with only 1 mole of the substance to be phosphorylated, does not cause the 
formation of chlorohydrin compounds, as does POC}; (6), and the sub- 
stituted diphenylphosphoric esters formed usually lend themselves to 
purification by recrystallization more readily than the products obtained 
when phosphorus oxychloride is employed. The phenyl groups are re- 
moved readily by reductive cleavage with hydrogen in the presence of 
platinum oxide catalyst. 

The position of attachment of the phosphate group to the glucose mole- 
cule was insured by using as a starting material 1 ,2,3 ,4-tetraacetyl-8-p- 
glucopyranose (7, 8), in which carbon atom 6 has the only free hydroxyl 
group. The original procedure for the preparation of 1 ,2,3 ,4-tetraacetyl- 
8-D-glucopyranose (7) has been improved by Reynolds and Evans (8), but 

* National Research Council Fellow in Chemistry. Present address, Department 
of Biochemistry, University of Wisconsin. 
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(1) (11) r 
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HCOAc | HCOAc 
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AcOCH | (CcHsO):POC] ~  AcOCH | | ot 
(92%) | of 
HCOAc | HCOAc al 
J | | Lb 
0 wih _ 1 aaa o 
| 
CH.OH CH, OP O(OC,H;,): yr 
M.p. 128-129° M.p. 68° 2 
lalp = +12.1° lalp = +16.5° pa 
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Pe to 
(111) (IV) glt 
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HCOAc | HCOH 7 
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HCO-—— HCOQ——- 
CH, 0P0,;H,(CH; OH) CH, 0P0,K, 1 
M.p. 128 ‘ pre 
[a]? = +17.4° la]p = +21.2° of I 
; con 
in an earlier study (9), in which this glucose tetraacetate was used in the dibs 
synthesis of géntiobiose for biological experimentation, some difficulty was corr 
experienced in obtaining consistently good yields by their crystallization Thi 
procedures. It has now been found that dibutyl ether is more reliable than fron 
either ethyl ether or petroleum ether for the crystallization of the tetraace- subs 
tate and yields a product of sufficient purity for phosphorylation without | 1 
recrystallizing. cool 


After the reductive cleavage of the phenyl groups from the phosphory- |  ¢¢, ; 





. the 
was 
tion 
than 
sace- 
hout 


ory- 











| 


H. A. LARDY AND H. O. L. FISCHER 515 


lated glucose tetraacetate, the acetyl groups were removed by catalytic 
saponification with potassium methylate in anhydrous methanol. The 
potassium salt of glucose-6-phosphate was precipitated from the solution as 
the deacetylation proceeded; it was purified by washing several times with 
anhydrous methanol and dried in vacuo over P:Os. The acetyl groups 
could also be removed by acid in aqueous solution, or by the slow addition 
of the stoichiometric amount of sodium or potassium hydroxide solution to 
an alcoholic solution of the ester, and the product was then isolated as the 
barium salt. When the acetyl groups were removed with aqueous alkali, 
some discoloration occurred (removable with charcoal) and the final prod- 
uct contained appreciable quantities of fructose-6-phosphate, the presence 
of which was indicated by optical rotation, the quantitative Seliwanoff 
test, and enzymatically catalyzed equilibria. For biological purposes the 
potassium salt has the advantage that it is readily soluble in water and may 
be used directly without the inconvenience of removing the cation. 

The purity of the glucose-6-phosphate was determined not only by 
analyses and optical rotation but also by quantitative enzymatic studies. 
Synthetic glucose-6-phosphate was converted by phosphohexoisomerase 
to the same equilibrium (32 per cent fructose-6-phosphate to 68 per cent 
glucose-6-phosphate) as was pure fructose-6-phosphate, prepared according 
to Neuberg, Lustig, and Rothenberg (10). 

When calculated on the basis of the anion portion of the salts, the optical 
rotation of our potassium salt is almost exactly that of the calculated value 
(false: = [a], X 1.18 (1)) for Robison’s purest barium salt obtained from 
the several times recrystallized brucine salt of natural aldose mono- 
phosphate. 

The barium salt of 6-phosphogluconic acid has been prepared from 
synthetic glucose-6-phosphate by the procedure of Robison and King (1). 


EXPERIMENTAL 


1,2,3,4-Tetraacetyl-8-p-glucopyranose (I)—This starting material was 
prepared from 6-trityltetraacetyl-8-p-glucose, according to the procedure 
of Helferich and Klein (7), except that the crystallization was made from a 
concentrated chloroform solution (not sirup) by the slow addition of 
dibutyl ether. The first crop of crystalline tetraacetyl-8-p-glucopyranose 
corresponded to a yield of 67 per cent and had a melting point of 124-127°. 
This material was phosphorylated either directly or after recrystallizing 
from chloroform by the addition of dibutyl ether which gave the pure 
substance, m.p. 128-129°. 

1,2,3,4-Tetraacetyl-6-diphenylphosphono-8-p-glucopyranose (II)—To a 
cooled solution of 7.1 gm. of 1,2,3,4-tetraacetyl-8-p-glucopyranose in 20 
ec. of anhydrous pyridine, 6.0 gm. of diphenylchlorophosphonate (5) were 
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added dropwise with continuous shaking and cooling in an ice bath. The 
reaction began at once and within a few minutes a copious crystalline 
precipitate of pyridine hydrochloride appeared. The mixture was kept in 
the ice bath for 15 minutes and then placed in a refrigerator at 10° over. 
night. A few drops of ice water were added to hydrolyze the excess of acid 
chloride and after one-half hour the product was separated by pouring 
slowly into 600 cc. of ice water under continuous stirring. When the pre. 
cipitate became granular, it was filtered off and again stirred up in fresh 
ice water. The product was filtered off, washed with cold water, and 
dissolved in 100 ec. of chloroform. The chloroform solution was washed 
once with dilute HCl and two times with distilled water, was dried with 
anhydrous sodium sulfate, and evaporated under reduced pressure to a 
sirup. The product was crystallized by careful addition of petroleum ether 
(b.p. 60-80°), swirling, and allowing to stand for several hours; the process 
may be hastened by seeding or scratching. The product was filtered with 


suction, washed with petroleum ether, and dried. Yield, 10.9 gm. (92 | 


per cent of the theoretical). It melted at 64-66° and was of sufficient purity 

for subsequent use. The pure substance may be obtained by recrystal- 

lizing from isopropyl] ether, or from acetone by the addition of water, m.p. 

68°. It is soluble in chloroform, acetone, benzene, and ethyl alcohol. 
[a]* = +16.5° (c = 1.37 in anhydrous pyridine). 


CosHeyOisP (580.5). Calculated. C 53.8, H 5.04, P 5.34 
Found. ‘* 63.8, ‘* 5.03, “* 5.24 
‘¢ 63.8, ** 5.08, ** 5.32 


1 ,2,3,4-Tetraacetyl-8-p-glucose-6-phosphoric Acid (III)—A solution of 
7.0 gm. of tetraacetyl-6-diphenylphosphono-s-p-glucopyranose (II) in 
70 ce. of anhydrous methanol! was shaken in an atmosphere of pure dry 
hydrogen at a pressure slightly greater than 1 atmosphere with 0.7 gm. of 
platinum oxide (Adams’ catalyst). When the reduction neared con- 
pletion, the free acid began to crystallize in fine needles. The absorption of 
hydrogen stopped abruptly when the theoretical quantity (8 moles) had 
been consumed; this required from 2.5 to 4.5 hours in several runs. After 
warming to dissolve the product, the catalyst was removed by filtering or 
centrifuging. An equal volume of petroleum ether was added in portions 
to the filtrate and crystallization allowed to proceed during slow cooling. 
The crystals were filtered with suction, washed with petroleum ether, and 
dried in vacuo at room temperature. Yield, 3.6 gm. (65 per cent of the 
theoretical). The product melted at 126-128°, and contained the theoret | 
ical quantity of organic phosphorus. When recrystallized from anhy- | 
drous methanol by slow addition of petroleum ether, the substance melted 


! Prepared according to Lund and Bjerrum (11). 
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at 127-128°. A second crop of crystals of the original purity may be ob- 
tained by evaporating the mother liquors to dryness under reduced pres- 
sure at a bath temperature of 25° and recrystallizing the product from 
methanol-petroleum ether. The analyses indicated that the substance 
crystallized with 1 mole of methanol which could not be removed by heating 
in vacuo without causing further decomposition. It was demonstrated by 
electrometric titration that the methanol was not esterified with the phos- 
phoric acid residue. The presence and identity of the methanol were 
established by converting it to methyl iodide, which was trapped in dimeth- 
ylanaline (12). The trimethylphenylammonium iodide obtained (a) 
melted at 227°, that from a-methyl glucoside (6) melted at 227°, that from 
pure methanol (c) melted at 230°, and mixtures of (a) and (c) melted at 
227°. Phillips (13) reported the melting point of trimethylphenylam- 
monium iodide to be 231.6°. 

[a] = +17.4° (c = 1 (of methyl alcoholate) in anhydrous pyridine); 
calculated for solvent-free compound [a]? = +18.7°. 


CyHo,013P (428.3). Calculated. C 39.3, H 4.94, P 7.23 
CyH203;P + CH,;OH (460.3). og = 39.1, ~ 5.47, *¢ 6.73 
Found. 7 | 6 ee 


Reduction in Anhydrous Ethanol—The reductive cleavage of 3.8 gm. 
of the diphenyl compound (II) was carried out in 25 ec. of anhydrous 
ethanol with 0.4 gm. of platinum oxide. The product, which crystallized 
from the solvent as the reduction proceeded, was so sparingly soluble in hot 
ethanol that additions of anhydrous acetone were required to separate it 
from the catalyst. Slow evaporation of the solvents under reduced pressure 
caused the product to crystallize. After filtering and drying in vacuo over 
CaCl, and paraffin, the product weighed 2.42 gm. (78 per cent of the 
theoretical) and melted at 126-127°. It was recrystallized from anhydrous 
ethanol and dried as above for analysis. 

The solvent of crystallization was characterized by distillation (at the 
melting point of the compound) into a pyridine solution of 3 ,5-dinitro- 
benzoyl! chloride, isolation, and recrystallization of the ester formed; m.p. 
93°, authentic ethyl 3,5-dinitrobenzoate melted at 93°, mixed m.p. 93°. 

[a] = +16.9° (c = 1 (of ethyl alcoholate) in anhydrous pyridine); 
calculated for solvent-free compound [a]?> = +18.7°. 


CywH2:0;:P + C;H,OH (474.4). Calculated. C 40.5, H 5.74, P 6.53 
Found. “* 40.6, ‘* 5.57, “* 6.44 
** 40.6, “* 5.67 


Potassium Glucose-6-phosphate (IV)—To 3.3 gm. of tetraacetylglucose- 
6-phosphoric acid (III) (from methanol) partially dissolved in 75 cc. of cold 
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anhydrous methanol, a sufficient quantity of potassium methoxide jn 
anhydrous methanol to neutralize the free acid groups was added dropwise 
with shaking. Complete solution was attained after the first few drops 
were added. Cleavage of the acetyl groups was initiated by the addition of 
a catalytic excess of 1.5 milliequivalents of potassium methoxide. The 
potassium salt of glucose-6-phosphate began to separate at once. The 
cleavage was allowed to proceed at refrigeration temperature in a tightly 
stoppered flask overnight. The product was separated by centrifuging, 
was washed four times with anhydrous methanol, once with each of the 
following methanol-ether mixtures: 80:20, 50:50, 20:80, and twice with 
anhydrous ethyl ether. After drying in vacuo at room temperature, the 
product weighed 1.65 gm. (68.5 per cent of theory). It was essential to 
use only anhydrous solvents and thoroughly dried equipment in order to 
obtain good yields. 
lalp = +21.2° (c = 1.3 in water) 
CeH10,PKe (336.3). Calculated. C 21.4, H 3.29, P 9.21 
Found. 21.5, ** 3.26, ** 9.15 


From the combined mother liquor and methanol washings an additional 
quantity of glucose-6-phosphate was obtained as the barium salt. The 
slightly turbid alcohol solutions were treated with an excess of BaBr, 
in anhydrous methanol. When the barium salt had settled, it was sep- 
arated by centrifuging, washed with absolute alcohol, and finally with 
ether. After purification, as described in the following section, the barium 
salt weighed 0.6 gm. (21 per cent of original theory); thus the combined 
yield of potassium and barium salts was 89.5 per cent of theoretical. To 
obtain all of the product as the barium salt, BaBr, solution was added 
after the deacetylation by potassium methoxide was completed, and the 
barium salts were again purified, as described in the following section. 

Deacetylation with Acid—0.5 gm. of tetraacetylglucose-6-phosphoric 
acid (III) was dissolved in 35 cc. of 0.66 N HBr and the solution was heated 
on the steam bath for 3 hours. After cooling, pulverized barium hydroxide 
was added to neutrality. The solution was filtered and 4 volumes of 
ethanol were added. When the precipitate had settled, the supernatant 
liquor was decanted. The precipitate was washed in succession with 9 
per cent ethanol, absolute ethanol, 75 per cent ethanol-25 per cent ether, 
25 per cent ethanol-75 per cent ether, and finally with dry ether. After 
drying in air, the barium glucose-6-phosphate was dissolved by extracting 
successively with 20, 10, and 5 cc. portions of distilled water. To the clear 
filtrate 4 volumes of ethanol were added and the product was separated 


* Prepared by the cautious addition of clean potassium metal to anhydrous 
methanol. Solutions of 1 to 2 N were used. 
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and dried as above. The barium salt (0.33 gm.) was free of inorganic 
phosphate and on the basis of its organic phosphorus content was 93 per 
cent pure (yield = 72 per cent of theory). Its rotation (purity based on 
phosphorus analysis) was [a]*# = +17.9°. 

Biological Activity—The following data indicate that the synthetic 
glucose-6-phosphate is quantitatively biologically active. A partially 
purified preparation of phosphohexoisomerase (free of phosphoglucomutase 
activity) from rat muscle converted 32 per cent of the synthetic ester to 
fructose-6-phosphate at equilibrium at 25°. Under the same conditions, 
pure fructose-6-phosphate, prepared according to Neuberg, Lustig, and 
Rothenberg (10), was converted to an equilibrium of 68.4 per cent 
glucose-6-phosphate to 31.6 per cent fructose-6-phosphate. Fructose phos- 
phate was determined in these experiments by a quantitative Seliwanoff 
test (2). 


SUMMARY 


A new procedure is described for the synthesis of glucose-6-phosphate. 
1,2,3,4-Tetraacetyl-8-p-glucopyranose has been phosphorylated with di- 
phenylchlorophosphonate in pyridine. Subsequent removal of the phenyl 
groups by means of hydrogen and platinum oxide, followed by saponifica- 
tion of the acetyl groups, gave pure glucose-6-phosphate in good yield. 
The ester was isolated as a crystalline dipotassium salt which is readily 
soluble in water and can be used directly for enzymatic experimentation. 
The barium salt may be prepared by an alternative procedure. 

The synthetic ester is a convenient source of 6-phosphogluconic acid. 
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Recent studies have indicated that peroxidase might function in the 
biological synthesis of thyroxine by the thyroid gland. Johnson and 
Tewkesbury (1) believed that thyroxine might be formed by the oxida- 
tive coupling of 2 molecules of diiodotyrosine. Westerfeld and Lowe (2) 
studied the oxidative condensation of p-cresol by hydrogen peroxide and 
peroxidase and suggested that peroxidase might be involved in the biologi- 
eal synthesis of thyroxine by a similar mechanism. Keston (3) intimated 
that hydrogen peroxide may be produced in living cells by the flavoprotein 
systems and that the hydrogen peroxide and peroxidase accelerated the 
iodination of protein in vitro. The observation that thiourea inhibited the 
staining of thyroid tissue by the peroxidase reagent, benzidine-hydrogen 
peroxide, led Dempsey (4) to propose that the antiperoxidase activity of 
thiourea might account for its goitrogenic activity. Glock (5) further ob- 
served that thiourea and thiouracil inhibited the action of peroxidase and 
hydrogen peroxide on pyrogallol; however, she found only insignificant 
amounts of true peroxidase in thyroid gland and considered, therefore, that 
the goitrogenic activity of thiourea was not due to its antiperoxidase ac- 
tivity. Franklin et al. (6,7) demonstrated that oxidative mechanisms were 
necessary for the incorporation of iodide into thyroxine by the thyroid 
gland. This iodination was prevented by thiouracil as well as by oxidative 
inhibitors. Thiourea has the properties of an antioxidant in the prevention 
of the discoloration of fruit (8) and in the prevention of peroxide formation 
in fats (9). 

The above observations suggested that the antioxidant properties of the 
thiol compounds might be related to their antithyroid activities. It was 
considered further that the antiperoxidase activities of the thiol compounds 
might be a measure of their antioxidant properties. Accordingly, a number 
of thiol compounds were tested for their antiperoxidase activities. 

Antiperoxidase Activities—Lipmann’s method (10) was used for measur- 
ing the inhibitory effect of thiols on horseradish peroxidase. In this method 
the amount of red dye produced by the action of peroxidase and hydrogen 


* An abstract of this investigation has been published (Federation Proc., 6, 501 
(1946)). 
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peroxide on p-aminobenzoic acid was measured colorimetrically. It was 
observed that thiourea inhibited the peroxidase activity by 50 per cent at 
an average concentration of 0.00043 m; 2-thiouracil was twice as active and 
2,6-dithicuracil was 4 times as active as thiourea. A series of thirty-fiye 
thiourea derivatives (11) had antiperoxidase activities varying from one- 
fifth to 6 times that of thiourea, o-phenetylthiourea having the greatest 
activity. Sulfanilamide and sulfathiazole were one-tenth as active gs 
thiourea. Cysteine was equally active, while glutathione was 3 times ag 
active as thiourea. These results apparently confirmed the antiperoxidase 
activities of thiourea and thiouracil, the sulfonamides, and cysteine and 
glutathione as observed by Glock (5), Lipmann (10), and Balls and Hale 
(12), respectively. However, further work has now shown that the appar- 
ent antiperoxidase activities of thiol compounds are due to their reducing 
action on the peroxidase system. 

Within the series of thirty-five thiourea derivatives there appeared to be 
a rough correlation of the antiperoxidase activity and the antithyroid po- 
tency as assayed by the increase in weight of rat thyroid glands (unpub- 
lished experiments). Dithiouracil was more potent than thiouracil and the 
latter more active than thiourea. The sulfonamides had low antiperoxidase 
activities and also low antithyroid potencies (13). However, a number of 
thiol derivatives had high antiperoxidase activities but no antithyroid 
activities; e.g., cysteine, glutathione, and sodium sulfide. 

Reducing Power of Thiol Compounds—Elliott (14) had observed that 
sulfhydryl compounds were capable of reducing the colored dyes formed by 
the action of peroxidase and hydrogen peroxide on various substrates, such 
as benzidine, guaiacol, and p-phenylenediamine. It was considered, there- 
fore, that the apparent antiperoxidase activities of thiols might be due to 
their reducing action on the red dye (PABA red) formed by peroxidase and 
hydrogen peroxide from p-aminobenzoic acid. To test the reducing power 
of the thiols they were added in 0.001 m concentration at pH 7.0 to aliquots 
of PABA red and benzidine blue. The latter were made by reaction of 
hydrogen peroxide and peroxidase with p-aminobenzoic acid and benzidine 
and removal of the excess hydrogen peroxide with catalase. Also, the r- 
ducing power of thiols was tested against 2 ,6-dichlorophenol indophenol by 
measuring the decoloration of the dye in evacuated Thunberg tubes. The 
thiols were added at 0.001 m concentration to the dye (0.025 per cent) at pH 
7.0. The reducing action of the various thiols on the dyes is recorded in 
Table I. 

§F It was observed that thiourea and o-phenetylthiourea did not reduce the 
red dye, PABA red. However, the other thiols tested were able to reduce 
the PABA red dye. All of the thiols tested decolorized the benzidine blue. 
The fact that thiouracil has the power of decolorizing benzidine blue could 
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partially explain the inhibition of the benzidine blue staining reaction of 
thyroid tissue by thiouracil, as observed by Dempsey (4). Consequently, 
thiouracil might not have any action on peroxidase at all but might show an 
apparent inhibition by reducing the colored compound formed by peroxidase 
and hydrogen peroxide. 

The observation that all of the thiol compounds reduced the dye, 2,6- 
dichlorophenol indophenol, at pH 7.0, indicated that they had reducing 
potentials more negative than +0.217 volt (15). Balls and Hale (16) ob- 
served that most substrates of peroxidase and hydrogen peroxide were 
capable of reducing this dye. 

Mechanism of Action of Thiols with Peroxidase and Hydrogen Peroxide— 
Since some thiols were found to have the power of decolorizing PABA red 
and benzidine blue, indicating that their apparent antiperoxidase activities 
might be due to their reducing powers rather than to a true inhibitory action 


TasBLe I 
Reducing Action of Thiols on Dyes 














Compound | ? om ~ | Benzidine blue | ~~~ 
sec ch enuandedcessae’ _ + + 
o-Phenetylthiourea - + + 
2-Thiouracil....... + + + 
2,6-Dithiouracil. + | + + 
Glutathione. . 4 + + 


Cysteine. . 





on peroxidase, it was desired to test the action of thiols on the peroxidase 
system by a method which did not depend on the formation of a colored 
complex. The method of Balls and Hale (12) was tried in which the rate 
of disappearance of hydrogen peroxide in the presence of peroxidase and a 
suitable substrate is measured. By this method the amount of hydrogen 
peroxide remaining after it had acted on a substrate for a given time was 
determined by titrating the iodine liberated from potassium iodide with 
thiosulfate. It was found that this method could not be used for measuring 
the effect of thiols on peroxidase, because the thiols reacted with the iodine 
liberated from potassium iodide by hydrogen peroxide. This fact explains 
the appraent antiperoxidase activities of cysteine and glutathione observed 
by Balls and Hale (17). Campbell et al. (18) observed that thiourea was 
oxidized by iodine to formamidine disulfide hydriodide. 

Elliott’s (14) semiquantitative gasometric method for measuring the rate 
of disappearance of hydrogen peroxide was then tried. In this method, 
manganese dioxide was used to liberate oxygen from hydrogen peroxide and 
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the volume of gas was measured. It was found that thiol compounds react 
with the manganese dioxide; therefore, this method was not applicable. 

A manometric method was developed for determining peroxidase activity 
by measuring the rate of disappearance of hydrogen peroxide in the presence 
of peroxidase and a suitable substrate. Catalase was used to liberate oxy- 
gen from the hydrogen peroxide remaining after a given time and the 
volume of oxygen was measured with the Warburg apparatus. The 
peroxidase, prepared from horseradish by Elliott’s method (14), had 0.55 
purpurogallin unit per ml. Catalase was prepared from beef liver by Sum- 
ner’s method (19). The reaction vessels contained in the reaction chamber 
1.0 ml. of peroxidase, 0.5 ml. of various concentrations of the substrate, 
p-aminobenzoic acid, and 0.5 ml. of 0.1 m phosphate buffer at pH 7.0; in one 
side arm was placed 1.0 ml. of 0.015 m hydrogen peroxide and in the second 
side arm, 0.5 ml. of catalase. After equilibration at 38°, the hydrogen 
peroxide was added to start the reaction. After 5 minutes, catalase was 
added from the second side arm to stop the reaction and liberate oxygen 
from the hydrogen peroxide. The volume of oxygen was measured and the 
amount of hydrogen peroxide calculated as usual. The amount of hydro- 
gen peroxide initially present was determined with a separate vessel in which 
the substrate was omitted. The rate of peroxidase activity was, therefore, 
measured by the rate of disappearance of hydrogen peroxide. The effects 
of thiols on peroxidase activity were studied by measuring the rate of dis- 
appearance of hydrogen peroxide in the presence and absence of the thiols. 

The principles of Lineweaver and Burk (20) were used to design an experi- 
ment to examine the nature of reaction between thiourea and the peroxidase 
system. The rate of reaction of the peroxidase system was determined with 
various concentrations of the substrate, p-aminobenzoic acid. The effect 
of thiourea at various concentrations was then determined at each substrate 
concentration. 

The reciprocals of the substrate concentrations and the reciprocals of the 
rates of utilization of hydrogen peroxide were plotted in Fig. 1. The best 
straight lines were calculated by the method of least squares. The devia- 
tions from linearity were not statistically significant. The linear relation- 
ship between the reciprocals of the substrate concentration and the rates of 
utilization of PABA demonstrated the applicability of the Lineweaver and 
Burk equation to the reaction between PABA and peroxidase and hydrogen 
peroxide. The effects of thiourea were surprising in that the slopes were 
decreased with increasing concentrations of thiourea, while the intercepts 
were increased. The dissociation constants consequently decreased with 
increasing thiourea concentration. 

This experiment was interpreted as indicating that there was no inhibi- 
tion of peroxidase by thiourea at all, but, on the contrary, an acceleration of 
the rate of utilization of hydrogen peroxide. It was evident, therefore, that 


















































hydr 
agair 


arm 
The 
lated 

Th 
meas 
the t 


of hy 
could 
that. 
thiol | 











he 


ne 
nd 
en 
Fas 
en 
he 
ro- 
ich 
re, 
cts 
lis- 
ils. 


ase 
ith 
ect 
ate 


the 
est 
rla- 
on- 
3 of 
and 
gen 
rere 
pts 
rith 


ibi- 
n of 
hat 





L. O. RANDALL 525 


there was a competition between thiourea and PABA for the available 
peroxidase and hydrogen peroxide. Thiourea was evidently a substrate 
for the peroxidase system just as PABA was a substrate. 

The reaction between thiols and hydrogen peroxide in the presence and 
absence of peroxidase was then measured manometrically. The reaction 
vessels contained the following reactants: 1.0 ml. of 0.0075 m thiol, 0.5 ml. 
of 0.1 m phosphate buffer, pH 7.0, 1.0 ml. of water or peroxidase, 1.0 ml. of 
0.015 m hydrogen peroxide, and 0.5 ml. of catalase. After equilibration at 
38°, the reaction was started by adding hydrogen peroxide from the side 


5- 
A- P-AminoBenzoic Acip 
B- PABA + .0O1M THIOUREA Pl 
C- PABA + .005M THIOUREA f* 
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Fic. 1. Effect of thiourea on the rate of oxidation of p-aminobenzoic acid by 
hydrogen peroxide and peroxidase. The reciprocal substrate concentration is plotted 
against the reciprocal velocity. 


arm and stopped at intervals by adding catalase from the second side arm. 
The moles of hydrogen peroxide used per mole of thiol present were calcu- 
lated. The data are illustrated in Fig. 2. 

The results demonstrated that thiols reacted with hydrogen peroxide at 
measurable rates and that peroxidase accelerated the reaction. Therefore, 
the thiols are substrates for the peroxidase-hydrogen peroxide system. 

An indication of the extent of the reactions is obtained from the quantities 
of hydrogen peroxide which reacted with the thiols. 2 moles of thiourea 
could react with 1 mole of hydrogen peroxide to give a disulfide. The fact 
that more than 2 moles of hydrogen peroxide were reduced per mole of 
thiol indicated that the thiols were oxidized beyond the disulfide stage. 
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DISCUSSION 


The antithyroid activities of some thiol compounds cannot be explained 
by their antiperoxidase activities, as Dempsey suggested (4), because of the 
following observations: thiol compounds do not inhibit peroxidase, but 
rather are reducing agents capable of reacting as substrates for the peroxide. 
peroxidase system, thus competing with other substrates for the available 
peroxide-peroxidase complex; they are able to reduce the colored dyes 
formed from p-aminobenzoic acid and benzidine and thus show an apparent 
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Fig. 2. Reaction of thiol compounds with hydrogen peroxide and peroxidase. The 
moles of hydrogen peroxide used per mole of thiol compound present initially were 
plotted against time in minutes. The curves illustrate the rate of disappearance of 
hydrogen peroxide in the presence of thiourea, thiourea plus peroxidase, 2,6-dithio- 
uracil, and 2,6-dithiouracil plus peroxidase} 


inhibition of color production by the peroxidase system; they are able to 
reduce hydrogen peroxide and thus remove it as a reactant in the peroxidase 
system. 

If it could be demonstrated that hydrogen peroxide, arising from oxidase 
systems in the cell, is involved in thyroxine synthesis (2, 3), then an expls- 
nation of the antithyroid activities of thiol compounds might be that they 
reduce the hydrogen peroxide as it is formed in the thyroid cell and thus 
remove it from the reacting system. The reducing power would then ke 
an important chemical characteristic of antithyroid agents. 
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SUMMARY 


Thiol compounds do not inhibit peroxidase but, on the contrary, are sub- 
strates for the peroxidase-hydrogen peroxide system. 

Thiol compounds are oxidized by hydrogen peroxide and the rate is 
accelerated by peroxidase. 


The author is indebted to Dr. E. J. de Beer and Dr. G. H. Hitchings for 
discussions of this work. 
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Cations of the alkali earth group have strong tendencies to form par- 
tially dissociated complexes in solution with the anions of carboxylic acids 
and other weak acids. The affinity of this association tends to increase 
with the number of carboxylic acid groups of the acid anion. In a con- 
siderable number of cases the effect has been studied quantitatively and 
expressed in terms of well defined dissociation or association constants. 
The interaction of calcium ions and strontium ions with citrate ions has 
been studied by means of the frog heart preparation, and the equilibrium 
expressed according to the mass action law (6). The equilibrium constants 
for the interaction of alkali earths and other bivalent cations with a number 
of carboxylic acids have been determined by the effects of the cations on 
the pH titration curves of the acids (2). This method has been applied 
also to the study of solutions containing carbonates and phosphates (3, 9). 

Few of the results reported in the literature have been checked by inde- 
pendent methods of determining the equilibria. For this reason, it is of 
interest to study the interaction of calcium, barium, and strontium ions 
with weak organic acids by means of electrodes of the third kind. In an 
earlier paper (7) the interactions of the alkali earth chlorides with glycine, 
alanine, and egg albumin were studied by this method. In this paper, it is 
applied to carboxylic acids with one, two, or three carboxyl groups per 
molecule. 


Method 


The amalgam electrode of the third kind, PhHg|/PbC,0,, CaC,0,|Ca**, 
has been previously described, as have the corresponding barium and stron- 
tium electrodes (7). Lead amalgam is in contact with a mixture of solid 
lead oxalate and alkali earth oxalate, the lead ion potential at the electrode 
depending on the potential of the alkali earth ion in the solution. The 
technique employed earlier in studying mixtures of amino acids and alkali 
earth chlorides has been applied, with one important modification, to the 
organic acid solutions. While it is possible to study the effect in a cell 


; * Part of the expenses of this investigation was borne by a grant from The Nutri- 
tion Research Laboratories. 
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without liquid junction with silver-silver chloride electrodes, it has proved 
rather more convenient to work with the amalgam electrode as a half cel] 
with a saturated KCl liquid junction against a silver-silver chloride elec. 
trode in saturated KCl. Consequently, the results are expressed in terms 
of pCa, pBa, or pSr, rather than in terms of the activities of the correspond. 
ing chlorides. The observed electromotive force contains a liquid junction 
potential of the order of magnitude of that occurring in pH determinations 
with the hydrogen or glass electrode. Cannan and Kibrick (2) have found 
the liquid junction potential to be negligible in the potentiometric measure. 
ments in systems containing alkali earths and organic acids. 

On the assumption of constant liquid junction potentials, Z, the differ. 
ence of potential of the two half cells is given by the relation 


RT 
E= B= Indo (1) 


where E° is the standard difference of potential between the half cells, 
Ags is the calcium ion activity, and R, 7, and F have their usual significance, | 
When pCa is defined as the negative logarithm of Aga, 


2.303RT 
E = E+ meas pCa (2) 
or at 25° 
E = E® + 0.02957pCa (3 


Corresponding equations hold for the barium and strontium electrodes. 
EXPERIMENTAL 


Reagents— 

Calcium chloride and barium chloride were recrystallized c.p. reagents. 
Strontium chloride was prepared from c.p. strontium bromide by precipita 
tion of the carbonate. After thorough washing, the precipitate was dis 
solved with a calculated quantity of standard 0.1 n HCl. 

Potassium citrate, sodium benzoate, sodium salicylate, and racemic po 
tassium tartrate were recrystallized c.p. reagents. 

Sodium succinate, sodium lactate, and sodium acetate were prepared by el 


neutralization of the c.p. acids with standard NaOH. to 
Secondary potassium o-phthalate was prepared by neutralization of cr. 
potassium acid phthalate with KOH. = 


Effect of NaCl—Before determining the effects of the organic anions 0 ai 
pCa, determinations were carried out in mixtures of CaCl, and NaCl st | th 
three different calcium concentrations in the physiological range and # | obi 
NaCl concentrations up to 0.3 molal. In these systems the electrode | tio 
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reached equilibrium in a period varying from 5 minutes to 1 hour, depending 
on the nature of the initial and final states. Attainment of equilibrium 
was rapid when the two solutions being compared were of similar composi- 
tion with respect to both components, and slow when there was considerable 
difference. After attainment there was no tendency for the E.M.F. to 
fluctuate by more than about +0.3 millivolt over a period of several hours. 
The equilibria obtained with any electrode were reversible. When the 


TaBLe I 
pCa of NaCl-CaCl, Mixtures ai 25° 
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CaCls NaCl molality u, ionic strength | AE | pCa 
mM vols 

1.25 0.00 | 0.00375 0.0000 3.01 

0.01 | 0.01875 | 0.0027 3.10 

0.02 0.02375 | 0.008 | 3.17 

0.05 | 0.05375 | 0.0080 3.28 

0.10 0.10375 | 0.0107 3.37 

0.15 0.15375 | 0.0128 3.44 

0.20 | 0.20875 | 0.0152 3.52 

0.30 | 0.30375 | 0.0173 3.61 

2.50 | 0.00 0.0075 0.0000 2.76 

0.01 | 0.0175 0.0024 2.84 

0.02 0.0275 0.0037 2.89 

0.05 0.0575 0.0065 2.98 

0.10 0.1075 0.0099 3.10 

0.15 0.1575 | 0.0118 | 3.16 

0.20 | 0.2075 0.0140 3.23 

0.30 | 0.3075 0.0155 3.28 

3.75 0.00 | 0.01125 =| — 0.0000 2.61 

0.01 | 9.02195 | 0.0022 | 2.68 

0.02 | 0.03125 | 0.0033 2.72 

0.05 0.06125 | 0.0060 2.82 

0.10 / 0.11125 | 0.0097 2.94 

0.15 | 0.16125 | 0.0118 | 3.01 

0.20 | 0.21125 | 0.0130 3.05 

0.30 | 0.81125 | 0.0142 | 3.09 





electrode was placed in any of the reference solutions, its potential returned 
to its reference value within the normal time interval. 

From the electromotive force values, pCa in the salt mixtures has been 
computed and the results entered in Table I. The assignment of any pCa 
value in any series depends on a knowledge of the activity coefficient of 
the calcium ion in one of the reference solutions. These values have been 
obtained in the following manner. At three different CaCl, concentra- 
tions, 1.25, 2.50, and 3.75 millimolal, the experimental data have been 
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fitted by the formula 
pCa = —log [Catt] + 2V/u — 1.404 (4) 


where [Ca**] is the calcium ion molality and u is the ionic strength. This 
is a modification of the Debye-Hiickel equation in a form developed by 
Bronsted and LaMer (1). 
Equation 4 leads to the following values of pCa for the three reference 
solutions, 0.00125, 0.00250, and 0.00375 m CaCk: 3.01, 2.76, and 2.61, 
respectively. These are the standard values upon which the other values 
of each series are based. The value AE represents the increment of u.w.r, 


Ca 
mM 


* 





. 2 3 
NaC! - Moles per liter 

Fig. 1. The relation between pCa, calcium ion concentration, and NaCl concen- 

tration in NaCl-CaCl, mixtures. 


produced by adding a given amount of NaCl to one of the reference solu- 
tions. At 25°, it is related to ApCa by the relation 
ApCa = 33.82AE (5) 


The results are presented graphically in Fig. 1, which represents pCa as 4 
function of CaCl and NaCl concentration. The function has been com- 
puted by the use of Equation 4. The results indicate that the effects are 
explicable on the basis of the interionic force theory. Similar results were 
obtained with various salt mixtures when cells without liquid junction were 
studied (7). 

Effects of Organic Acids—The method followed in the case of each organic 
acid was to vary the concentration of acid anions at constant total calcium 
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concentration and constant ionic strength. The ionic strength was main- 
tained at 0.15 by varying the amount of NaCl in the system. As a first 
approximation, it is assumed that variations of pCa at constant ionic 
strength are determined by variations of calcium ion concentration due to 
complex formation with the acid ion. The mechanisms postulated cor- 
respond to those assumed by Cannan and Kibrick (2) and by Hastings, 
McLean, Eichelberger, Hall, and Da Costa (6). In most cases the ob- 
served effects are of a larger order of magnitude than the effects to be pre- 
dicted from the influence of the ionic atmosphere on the electrostatic part 
of the chemical potentials of ions at constant ionic strength. Undoubtedly, 
the electrostatic effects of specific ions become relatively more significant 
when the affinity of association of the complex ions is small. The validity 
of the treatment is greatest in those cases in which the affinity of complex 
formation is greatest. 

Citric Acid—Table II contains the results of determinations of pCa, pBa, 
and pSr in systems containing potassium citrate and the various alkali 
earth chlorides. The calcium ion concentration is calculated from the 
relation 

—Alog [Ca**] = ApCa (6) 


where the increment ApCa denotes the change of pCa produced by a given 
amount of potassium citrate added to the citrate-free reference solution at 
constant total calcium concentration and ionic strength. From the value 
of [(Ca*+*] so obtained the apparent equilibrium constant, K’, for the com- 
plex formation is computed on the assumption that the inactivated calcium 
is combined reversibly and stoichiometrically with citrate to form the com- 
plex anion [CaC,sH,O,]-. Thus 
[Cat*] + [CsH,;0;]* = [CaC.H;07]- 


This is the mechanism shown to describe the equilibrium by Hastings 
etal. (6). By means of the experimental values of [Ca**], K’ is computed 
from the equation 


- ++ 
Total Ca—[Ca**) K’ (7) 


[Ca**][total citrate minus total Ca + [Cat+]] | 





Similar mechanisms are postulated for the barium and strontium systems 
and identical methods of calculation are applied. 

Dicarborylic Acids—The results obtained with sodium succinate and 
racemic potassium tartrate are presented in Table III. The ionic strength 
Was maintained at the constant value 0.15 by adjusting the NaCl concen- 
tration to compensate for the added salt. The equilibrium constant K’ is 
obtained from the mass law expressions for the postulated equilibria 


[Cat*] + [C:H4(COO)2]- = [CaC;H.(COO)2] 
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TABLE II 


Interaction of Alkali Earth Cations with Citrate Ions at 26° 











Ionic strength = 0.15. 


- 


NaCl 























CaCh K;CsH,07 | AE 
mole per |. mole per "7 rs mate per t. | ; glk 
0.0025 | 0.0000 | 0.1425 | 0.0000 
0.0010 | 0.1365 0.0047 
0.0015 | 0.1335 | 0.0072 
0.0025 | 0.1275 | 0.0116 
0.0050 0.0000 0.1350 | 0.0000 
0.0005 | 0.1320 | 0.0011 
0.0010 0.1290 | 0.0024 
0.0025 | 0.1200 0.0070 
0.0050 | 0.1050 0.0138 
Mean...... 
Bach | | 
0.0025 | 0.0000 | 0.1425 0.0000 
| 0.0005 0.1395 0.0020 
| 0.0010 0.1365 | 0.0038 
| 0.0015 | 0.1335 | 0.0062 
| 0.0025 {| 0.1275 | 0.0092 
0.0050 | 0.0000 | 0.1350 | 0.0000 
| 0.0025 0.1200 | 0.0060 
| 0.0050 0.1050 0.0117 
Mean.. 
SC | | 
0.0025 0.0000 0.1425 0.0000 
0.0010 0.1365 0.0035 
0.0015 0.1335 0.0060 
0.0025 0.1275 0.0096 
0.0050 0.0000 0.1350 0.0000 
0.0010 0.1290 | 0.0020 
0.0025 | 0.1200 | 0.0060 
0.0050 | 0.1050 0.0126 
ere 
and 


[Ca**] + [C2H:(OH)2(COO),)" = 














[(CaC-H.(OH).(COO),] 














en TR 
| ApCa [Ca**] | Log K’ 
= mae ‘ ee Pe 
mole per |. 
0.000 0.00250 | 
0.159 | 0.00173 | 3.29 
0.244 0.00143 | 3.2% 
| 0.392 0.00101 3.16 
| 0.000 | 0.00500 
| 0.037 | 0.00459 3.00 
| 0.081 | 0.00415 | 3.13 
0.237 | 0.00290 | 3.2 
0.469 0.00170 | 3.10 
- — ere 
3.17 
ApBa [Ba**] 
| 0.000 | 0.00250 | 
0.068 | 0.00214 | 3.08 
0.129 | 0.00186 2.98 
0.210 | 0.00154 3.06 
0.312 | 0.00122 2.93 
| 0.000 | 0.00500 
0.203 | 0.00313 2.98 
0.398 0.00200 2.88 
2.98 
ApSr | [Sr++] 
| 0.000 | 0.00250 
| 0.113 | 0.00193 2.$4 
0.203 0.00156 3.02 
0.325 0.00118 2.98 
0.000 | 0.00500 
0.068 | 0.00428 2.78 
0.203 | 0.00313 2.98 
0.428 | 0.00187 2.95 
2.92 





These are the equilibria postulated by Cannan and Kibrick (2) for & | 
carboxylic acids. 
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Interaction of Alkali Earth Cations with Succinate and Racemic Tartrate at 25° 
















































































onic strength = 0.15. 
CaCls Na2CaHiOx NaCl AE ApCa [Ca**] Log K’ 
mole perl. | mole per aR mole perl. | volt | | mole perl. 
0.0025 | 0.0000 0.1425 | 0.0000 | 0.000 | 0.00250 
0.0050 | 0.1275 | 0.0011 | 0.037 | 0.00230 | 1.25 
0.0100 0.1125 | 0.0024 | 0.081 | 0.00207 | 1.34 
0.0050 | 0.0000 | 0.1350 | 0.0000 | 0.000 | 0.00500 
| 0.0050 | 0.1200 | 0.0007 | 0.024 | 0.00473 | 1.08 
| 0.0100 | 0.1050 | 0.0013 | 0.044 | 0.00452 | 1.05 
| 0.0200 | 0.0075 | 0.0026 | 0.088 | 0.00408 | 1.07 
i os cas vécmmeudaacnetseeeni iets 1.16 (40.12) 
BaCls ApBa | [Ba**} 
a 
0.0050 | 0.0000 0.1350 | 0.0000 | 0.000 | 0.0050 
0.0050 0.1200 | 0.0050 | 0.017 | 0.00481 | 0.91 
| 0.0100 0.1050 | 0.0013 | 0.044 | 0.00452 | 1.05 
| 0.0200 | 0.0075 | 0.0023 | 0.068 | 0.00428 | 0.94 
i « <a:sninc Winsor a eiRin ite Ole ao 0.97 (40.06) 
Ks(CsH.Os) | 
0.0025 | 0.0000 | 0.1425 | 0.0000 | 0.000 | 0.00250 
0.0040 | 0.1305 | 0.0038 | 0.128 | 0.00186 | 2.01 
0.0060 | 0.1245 | 0.0050 | 0.169 | 0.00170 | 1.96 
0.0050 | 0.0000 0.1350 | 0.0000 | 0.000 | 0.00500 
| 0.0040 | 0.1230 | 0.0030 | 0.101 | 0.00396 | 1.95 
| 0.0060 | 0.1170 | 0.0040 | 0.135 | 0.00366 | 1.90 
NS pls ox ax a Ha NSE O ER Mate Rie od CRETE TERED 1.95 (+0.04) 
SrCls | ApSr {Sr**] 
0.0025 | 0.0000 | 0.1425 | 0.0000 0.000 | 0.00250 
0.0040 | 0.1305 | 0.0035 0.118 | 0.00191 | 1.96 
0.0060 | 0.1245 | 0.0046 | 0.156 | 0.00175 | 1.91 
0.0050 | 0.0000 | 0.1350 | 0.0000 | 0.000 | 0.00500 
0.0040 | 0.1230 | 0.0032 | 0.108 | 0.00390 | 1.99 
0.0060 0.1170 | 0.0040 | 0.135 | 0.00366 | 1.90 
din sins i Cin ceteemeda bain eb aiiahias ae 1.94 (+0.04) 














In the case of the calcium tartrate systems, irreversible potentials were 
encountered, the apparent effect of the tartrate on pCa being considerably 


greater than the effect estimated from Cannan and Kibrick’s results. 





The 








536 DISSOCIATION CONSTANTS OF CA COMPLEXES 


anomalous results were judged to be caused by the formation of insoluble 
lead tartrate at the electrode... When the tartrate concentration was less 
than 0.01 molal, this difficulty was avoided with the strontium and barium 
electrodes because of the much lower lead ion concentrations at the elec. 
trode. This is a result of the greater solubilities of the strontium and 
barium oxalates compared with calcium oxalate, the lead ion concentration 
varying inversely as the solubility of the alkali earth oxalate. 


TaBLe IV 
Interaction of Sodium Acetate and Sodium Lactate with Calcium Ions at 25° 


Ionic strength = 0.15. 








































CaCl | Na(CsH,0:) | nact) | ak | apca | [cat*) | Log K’ 
_ ies ecw ES = 5 _ ee - gz aa 
mole per I. | mele per I. | mole per i. 4 volt | mole per I. 
0.0025 | 0.0000 | 0.1425 | 0.0000 | 0.000 | 0.00250 
0.0025 | 0.0100 | 0.1325 | 0.0003 | 0.010 | 0.00244 | 0.40 
0.0025 | 0.0200 . 1225 | 0.0009 | 0.030 | 0.00233 | 0.54 
0.0025 | 0.0300 | ).1125 | 0.00 0.0014 | 0.054 | 0.00211 | 0.64 
oe ered eee Leics _....| 0.53 (£0.10) 
Na(CsHs0s) 
0.0025 | 0.0000 0.1425 | 0.0000 | 0.000 | 0.00250 | 
0.0025 | 0.0050 0.1375 | 0.0007 | 0.024 | 0.00237 | 1.05 
0.0025 | 0.0100 0.1325 | 0.0010 | 0.034 | 0.00231 | 0.93 
0.0025 | 0.0200 0.1225 | 0.0015 | 0.051 | 0.00222 | 0.82 
0.0050 | 0.0000 0.1350 | 0.0000 | 0.000 | 0.00500 | 
0.0050 | 0.0100 0.1250 | 0.0006 | 0.020 | 0.00478 | 0.68 
0.0050 | 0.0200 0.1150 | 0.0010 | 0.034 | 0.00462 | 0.62 
Bs Ri stkdiiesasaaswcnddiases ieewkneden’ | 0.82 (+0.16) 





Monocarborylic Acids—The interaction of sodium acetate and sodium 
lactate with calcium ions was studied at an ionic strength of 0.15. The 
results are given in Table IV. The apparent constants K’ are calculated 
for the reversible equilibria 

[CH,COO-] + [Ca**+] = [CH,;COOCa]* 


! The formation of soluble partially dissociated organic lead complexes theoreti- 
cally leads to no serious error unless the dissociation constant is of a much lower 
order of magnitude than that of the calcium complex. The lead ion concentration is 
still determined by calcium ions and the solubility products of the oxalates. How- 
ever, a very small percentage of the combined anions should be regarded as bound 
to lead rather than to calcium, the ratio of lead ions to calcium ions being of the 
order of 1:100. 
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and 


[(CH;CHOHCOO-] + [Catt] = [CH;CHOHCOOCa]* 


These are the complexes assumed by Cannan and Kibrick (2). 

Aromatic Carboxylic Acids—Three aromatic carboxylic acids were studied 
with calcium chloride and barium chloride respectively. Sodium benzoate 
and sodium salicylate showed very small effects with both calcium and 
barium, leading to values of log K’ that were negative in all systems except 
calcium salicylate, in which it had a very small positive value. The values 
of K’ were calculated for the assumed equilibria 


[CsH;COO-] + [Catt] = [CsH;COOCa]* 


and 

(C.<H,OHCOO-] + [Catt] = [CsH,OHCOOCa]* 
The values of K’ were of practically the same magnitude for the salicylates 
and benzoates. Potassium o-phthalate was also studied. The apparent 
equilibrium constant A’ was calculated for the association 


[CsH.(COO)2]> + [Cat**] = [C.H.(COO).Ca] 


For the dicarboxylic aromatic acid log K’ had a positive value only 
slightly less than that of the corresponding succinate complexes. The 
results for all three aromatic acids are included in Table V. 

Bicarbonate Systems—An attempt was made to determine the interaction 
of calcium and barium ions with bicarbonate ions in the physiological range 
of concentrations (0.0025 m CaClh, 0.025 m NaHCO, NaCl to ionic strength 
0.15). In all such attempts irreversible potentials were encountered which 
seemed to be of far too high an order of magnitude to represent the effect 
on pCa or pBa. ‘The effect on the electrode potential was approximately 
| millivolt per mm of bicarbonate ion per liter, which would lead to a value 
of the order of 2 for log K’, assuming the equilibrium 


[(Ca**] + [HCO;-] = [CaHCO,]* 


The results of Greenwald (3) based on pH titrations lead to a value of about 
0.8 for this constant.2 The large irreversible potentials obtained with the 
electrode of the third kind appear to be produced by the formation of 
insoluble lead bicarbonate at the electrode. This effect would clearly 
Vitiate results obtained with this particular electrode in biological fluids 
containing bicarbonate ions. A satisfactory electrode should probably be 
one whose metallic cation forms a soluble bicarbonate. 

*In an exact formulation of this equilibrium the formation of undissociated 
(CaCO,] should be taken into account. As Greenwald (3) has shown, both complexes 


are formed in the physiological range of pH. Because of the formation of insoluble 
lead salts, neither equilibrium can be studied with the lead amalgam electrode. 





— 5 OPO a ee, 
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TABLE V 
Interaction of Aromatic Acids with Calcium and Barium Ions at 25° 


Ionic strength = 0.15. 








Sodium benscate a 
CaCl CaHsCOONa} NaCl aE apCa [(Ca**] | Log K’ | Mean lox: 
mole perl. | mole per I. mals per I. volt mole perl = ae 
0.0025 0.000 0.1425 | 0.0000 0.000 0.00250 
0.025 | 0.1175 0.0002 | 0.007 0.00246 —0.18 
0.050 0.0925 0.0002 | 0.007 | 0.00246 —().48 
0.0050 0.000 0.1350 0.0000 0.000 0.00500 
0.025 0.1100 0.0004 0.014 0.00484 —().18 
0.050 | 0.0850 | 0.0005 0.017 0.00481 —0.12 —0.24 
BaCl ApBa [Ba**] 
0.0025 0.000 | 0.1425 | 0.0000 0.000 | 0.00250 
0.025 0.1175 0.0000 0.000 0.00250 | <0 
0.050 | 0.0925 | 0.0002 0.007 | 0.00246 —(0).48 
0.0050 0.000 0.1350 0.0000 0.000 0.00500 
0.050 0.0850 —0.0006 0.020 (0.00524 <0 <0 
Sodium salicylate be 
Z 
S } 
CaCh | NaCl AE ApCa [Catt] Log K’ | Mean log X’ 
| o 
‘aut perl | mole perl. | mole per | voli mole per I. 
0.0025 0.000 0.1425 0.0000 0.000 0.00250 
0.025 0.1175 0.0005 0.017 0.00240 0.22 
0.050 0.0925 0.0007 0.024 0.00237 0.04 | 
0.0050 0.000 | 0.1350 | 0.0000 0.000 0.00500 
0.025 0.1100! 0.0006 (0.020 0.00478 0.25 | 
0.050 | 0.0850 | 0.0007 0.024 0.00473 0.06 | 0.14 
| me. 
BaClh ApBa [Ba**} 
- 
0.0025 0.000 | 0.1425) 0.0000 0.000 0.0025 
0.025 0.1175 0.0003 0.010 0.00245 —(0.10 


0.050 0.0925 0.0003 0.010 0.00245 —0.40 —0.25 


The figure in parentheses is an apparent value. The real value cannot be greater 
than 0.005. 


Cells without Liquid Junction—A number of determinations have been 
made with the lead amalgam electrode and a silver chloride electrode in | 
. . . . . . . . . . *\ | 
cell without liquid junction, as in the earlier studies on amino acids (7). | 
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The measurements have been made in the barium chloride-potassium 
rate system in which relatively large effects are known to occur. 


cit 
The electromotive force, E, at 25° is given by the relation 

E = E° — 0.0887log Axpaci, (8) 

or 
E = E* — 0.02957log Apa — 0.05915log Ac) (9) 

where 
3 
ABaCl, = VA Ba ACI (10) 
TABLE VI 


Interaction of BaCl, and Potassium Citrate from Electromotive Force of Cells without 
Liquid Junction 
lonic strength 0.15, temperature 25°. 





BaCh | K3CeHsO NaCl AE 1 | ApBa Log K’ 

aslo gor i. mole per |. mole per |. volt volt | 
0.0025 | 0.0000 0.1425 0.0000 | 0.0000 | 0.000 | 

/ 0.0010 0.1365 0.0052 | 0.0011 | 0.139 | 3.07 

0.0015 0.1335 0.0082 0.0016 0.223 | 3.12 

0.0025 0.1275 0.0125 0.0028 0.328 | 3.00 
0.0050 0.0000 0.1350 0.0000 0.0000 | 0.000 | 

0.0025 0.1200 0.0088 0.0028 0.203 | 2.98 

0.0050 0.1050 0.0183 0.0059 0.419 2.92 

Average ..... Jew ib viace tte 3.02 


The activities Apeci,, Apa, and Aq refer respectively to the electro- 
lyte, the cation, and the anion. In interpreting the results, it is assumed 
that the activity coefficient of the chloride ion is constant at constant ionic 
strength. Then 


E = E° + 0.02957pBa — 0.05915log Mc (11) 


From the data, values of pBa are obtained. The results imply no as- 
sumptions as to the liquid junction potential, but depend on the assumption 
regarding the chloride ionic activity coefficient. The modification of the 
method is analogous to that of Harned’s use of cells without liquid junction 
to determine the dissociation constants of weak acids and bases (4, 5). 

Values of log K’ are calculated as before from the values of pBa. They 
agree quite well with those obtained in the series of measurements with 
liquid junction. The results are included in Table VI. 
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DISCUSSION 


The results obtained by electrometric determinations of pCa, pBa, and 
pSr in mixtures of the alkali earths and organic acids are conveniently 
summarized by tabulating the values of log K’. In every case it is assumed 
that the complex formation can be expressed as a reversible bimolecular 
reaction of the type 


[Me**] + At‘ = [MeA ]@- #) 


TaBLe VII 
Equilibrium Constants of Complex Formation 
[MeA] 
[Me**] [A] 





[Me*+*] + [A*] = [MeA?~*]; K’ = 


Ionic strength 0.15. 


Values of log K’ 


Ca Sr Ba 
: , : linia 

Citrate ... 3.17 (3.22)* 2.92 (2.70) * 2.98 
Racemic tartrate (1.80)f | 1.94 (1.65)T 1.95 (1.62)f 
Succinate | 1.16 (1.20)¢ | (1.06) t 0.97 (1.03)t 
o-Phthalate.... r 2a | 60.92 

Lactate wat SRA (0.70) Tf (0.55)t 
Acetate | 0.53 (0.53)t (0.43)t | (0.39)t 
Salicylate st Be <0 

Benzoate ~aideke ae | <0 


Values for a number of these constants have been given by Topp and Davies (10 
and by McDougall and Larson (8). Those of the former are based on conductivities, 
the latter on solubilities. In general the agreement is satisfactory. 

* Hastings et al. (6). Tonic strength, 0.155 to 0.165. 

¢ Cannan and Kibrick (2). Ionic strength, about 0.2. 


where z is the number of negative charges of the acid anion, corresponding 
to the number of charged carboxyl groups. [Met+] denotes the metallic 
cation. The charge of the complex, represented by the quantity (2 — 2), 
may be positive, negative, or zero. The values obtained from Tables I! 
to V are summarized in Table VII and compared with those obtained by 
independent methods. 

In most cases there appears to be no serious discrepancy in any of the 
results obtained from the three independent methods, electrometric cal 
cium, electrometric pH, and the frog heart preparation. In all cases 2 
which the magnitude of the effect is great enough to be significant the inter 
action of the alkali earth cations with organic anions can accordingly be 
represented as a bimolecular reversible combination to form a univalett 
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eation, an uncharged molecule, or a univalent anion, depending on the 
anionic charge. ‘The affinity of this association, as measured by K’, the 
equilibrium constant, increases with the number of carboxyl and hydroxyl 
groups of the anion. It is greater for aliphatic acids than for benzoic acid 
and its derivatives, especially in the case of monocarboxylic acids. 


SUMMARY 


1. The interaction of calcium, barium, and strontium ions with the anions 
of weak organic acids has been studied with electrodes of the third kind. 
The acids studied include citric, tartaric, succinic, lactic, phthalic, benzoic, 
and salicylic. 

2. The effects are formulated in terms of a bimolecular combination of 
cation and anion to form a univalent complex cation or anion, or an un- 
charged molecule. 

3. From the results the equilibrium constants of the organic metal com- 
plex are calculated, and compared with the values obtained from pH titra- 
tions and from the frog heart preparation. No serious disagreement was 
found in the series of results reported. 

4. The tendency to complex formation was greatest for the tricarboxylic 
acid, and least for monocarboxylic acids. It is less for aromatic acids than 
for aliphatic and greater for hydroxy acids than for the unsubstituted 
homologues. 

5. The electrode was found to yield erroneous results in bicarbonate sys- 
tems. The implications of this error for determinations in biological fluids 
were pointed out. 
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FACTORS AFFECTING THE ENZYMIC DESTRUCTION OF 
CAROTENE IN ALFALFA* 


By H. L. MITCHELL anp 8S. M. HAUGE 


(From the Department of Agricultural Chemistry, Purdue University Agricultural 
Experiment Station, Lafayette) 


(Received for publication, April 29, 1946) 


In a previous paper on the enzymic nature of the carotene-destroying 
system of alfalfa, Mitchell and Hauge (1) presented evidence which 
indicates that the carotene-destroying enzyme in alfalfa is a lipoxidase. 
The following experiments are a continuation of this work and show the 
effects of various factors upon the activity of the enzyme in alfalfa. 


EXPERIMENTAL 


In these experiments the term ‘‘whole alfalfa” is used to indicate the 
part of the plant which is harvested in the usual hay-making operation. 
In all cases in which defrosted tissue was used the material was frozen at 
—15° and defrosted immediately before use. In part of the experiments, 
only the leaves were subjected to treatment, while in others whole alfalfa 
was used. In all experiments, only the leaves were used for carotene 
determinations. The carotene content of the fresh leaves was also deter- 
mined in each experiment. Ali samples were blanched with steam before 
carotene determinations were made. Carotene was determined by a 
modification (2) of the method of Moore and Ely (3). Measurements were 
made with a Beckman spectrophotometer at 4360 A. 

Effect of Modification of Cell Structure—In this experiment, 5 gm. samples 
of alfalfa leaves were divided into three series. Each series was incubated 
at 37°. 

Series 1—The leaf structure was preserved as nearly as possible in its 
initial condition by incubating fresh leaves over water in desiccators. By 
this procedure the leaves were held in an atmosphere saturated with water 
vapor, which greatly retarded wilting and prevented desiccation. 

Series 2—Fresh leaves were permitted to wilt and to desiccate by incu- 
bating in open beakers. 

Series 3—Defrosted leaves, in which cell permeability had been increased 
by freezing (4), were incubated in beakers which were covered with watch- 
glasses to retard the loss of moisture. 

Samples of each series were removed at intervals up to 24 hours and were 
analyzed for carotene. The results are presented in Fig. 1. 
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The fresh leaves which were incubated in an atmosphere saturated with 
water vapor (Series 1) showed but little evidence of wilting even after 24 
hours and lost carotene very slowly. 

In the fresh leaves, which were permitted to wilt and become dry (Series 
2), carotene destruction was negligible in the first 4 or 5 hours. During 
this period little wilting was noted. After 8 hours, the leaves were def.- 
nitely wilted and the destruction of carotene was appreciable. After 24 
hours the leaves were quite dry and had lost approximately twice as much 
carotene as the leaves in Series 1. 
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TIME IN HOURS 
Fig. 1. Loss of carotene during the incubation of fresh leaves, fresh leaves over 
water, and defrosted leaves 


The turgidity of the fresh leaves had a marked inhibitory effect on the 
activity of the enzyme. That the water content is not directly responsible 
for this inhibition is indicated by the fact that defrosted leaves (Series 3) 
lost carotene very rapidly in spite of a high retention of water. In fresh 
leaves the enzyme was apparently unable to come into contact with the 


substrate as long as the leaves remained turgid. However, when the cel , 


membranes were ruptured or otherwise modified by freezing, rapid loss of 
carotene occurred. This suggests that cell permeability limits carotene 
destruction. It seems logical to conclude that little loss of carotene wil 
occur under field conditions until wilting takes place. 

Effect of Soil Fertility—To study the effect of soil fertility on enzymic 


destruction, plants from two series of fertility plots were studied. 1 | 


Series A, the untreated plot had not had a fertilizer application for 23 year. 
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The average annual yield of hay was 4527 pounds per acre. The treated 
plot received manure and 400 pounds of 2-12-6 fertilizer per acre in a 4 
year rotation of corn, soy bean, wheat, and alfalfa. The average annual 
vield of hay was 5950 pounds per acre. In Series B, the plots had been 
growing alfalfa continuously for 28 years. The untreated plot had had no 
fertilizer applications and yielded an average of 6388 pounds of hay per 
acre per year. The treated plot had received 80 pounds of potash and 
superphosphate at the rate of 80 pounds of P,Os; per acre every 2 years. 
Ground limestone had been added at intervals to the fertilized plot. The 
average yield of hay from this plot was 7791 pounds per acre per year. 
Samples of alfalfa were obtained when the plants were about 8 inches 
high. The leaves were removed from the stems and were frozen. The 
frozen leaves were defrosted and incubated in closed Petri dishes for 3 hours 


at 37°. 























TaBLeE I 
Effect of Soil Fertility on Carotene-Destroying Activity of Alfalfa Leaves 

| Carotene 
Series Fertilization meneame aa Loss 

| Fresh joe erg 

| v per gre ey | ter gm dry | per cont 
A | None 504 235 53.4 

Manure, N, P, K 557 232 58.3 
B | None 480 196 | 59.2 

Lime, P, K | 492 | 206 | 58.1 


| 





Results (Table I) show that soil fertility had no effect on the carotene- 
destroying activity of alfalfa leaves. 

Effect of Stage of Growth—Alfalfa is usually cut for hay when in early 
bloom because the protein and carotene contents rapidly decrease after 
this point is reached (5). The possibility that there may be changes also 
in the carotene-destroying activity was investigated by measuring the 
enzyme activity at various stages of growth. 

Samples of whole alfalfa were taken after the second cutting at intervals 
up to the time of the third cutting. Each sample was divided into two 
parts. One portion was incubated at 37° for 24 hours, after which the 
leaves were removed for analysis. The leaves of the other portion were 
removed from the stems and were frozen. The leaves were defrosted and 
incubated at 37° for 3 hours. 

The data, presented in Table II, indicate a slight decrease in enzymic 
activity with increasing age of the plants up to very early bloom stage. 
Unfortunately the entire field was harvested at this stage, so that no later 
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samples were available to show the effect of more advanced stages of 
maturity. 

Effect of Variety—Since genetic constitution may greatly affect the 
chemical composition of plants, four varieties of alfalfa were used to investi. 
gate the possibility of differences in carotene-destroying activity. 

In the first experiment, plots of Buffalo, Ranger, Grimm, and Turkestan 
alfalfa were harvested when in the early bloom stage of the second growth, 
Fresh leaves of each variety were incubated in open Petri dishes for 24 
hours at 37° and defrosted leaves were incubated in closed Petri dishes for 
3 hours. The carotene determinations are shown in Table ITI. 

In the second experiment the alfalfa plots were harvested during the 
early bloom stage of the third growth. Defrosted leaves of each variety 
were treated as in the first experiment. The fresh material, however, was 





TaBLe II 
Effect of Stage of Growth on C'arotene De stroying Activity if ilfalfa Leaves 
Carotene Loss 
Date of harvest —— of a —_—_——_—_——— 
— Fresh Fresh, | Defrosted, | _ Fresh, | Defrosted, 
incubated | ine ubated | incubated | incubated 
> pergem. | y pergm. | y pergm ne 
- dry weight | dry weight | dry weight per come per cont 
July 26 8-10 540 166 69.3 
Aug. 2 10-12 510 238 179 53.3 64.9 
~ a 12-14 139 199 181 54.7 58.8 
a 14-16* 398 217 181 45.5 54.5 


* A few blossoms. 


treated in a different manner in order to duplicate as closely as possible the 
conditions that would prevail in the field on a typical hay-curing day. 
The whole alfalfa was dried in a Despatch oven with circulating air at 
30-35° for 24 hours. This temperature range approximates that which 
was found about 2 inches above alfalfa curing in the field on a good hay- 
curing day. The results of the experiment are presented in Table III. 

No consistent differences were obtained in the enzyme activity of the 
four varieties. If the varieties are arranged in order of increasing loss of 
‘arotene, the order for one method of treatment may not be the same & 
that for the other methods. This may be due to factors other than enzyme 
content which operate to different extents under the various conditions. 
The incubation of defrosted leaves should be the more accurate method d 
estimating the actual enzyme content, since such factors as cell permeability 
and rate of desiccation are eliminated. 

Although the four varieties of alfalfa which were tested did not differ 
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consistently in carotene-destroying activity, it should not be assumed that 
varieties of low activity do not exist or cannot be produced by altering the 
genetic constitution of present varieties. The development of such varie- 
ties would minimize the loss due to enzyme activity during field curing. 
Consequently, alfalfa of higher carotene content might be produced by the 
curing processes now in use. 

Relative Effect of Sunlight and Enzyme Activity on Loss of Carotene in 
Alfalfa—The investigations of Guilbert (6) and of Jones et al. (7) on the 
destructive effect of sunlight on the carotene in alfalfa were conducted at 
temperatures considerably higher than those which prevail under field 


TaBLeE III 
Effect of Variety on Carotene-Destroying Activity of Second and Third Cutting Alfalfa 








Leaves 
Carotene Loss 
Variety = = ew w : —— 
— _ Fresh, Defrosted, _ Fresh, Defrosted, 
- | incubated incubated incubated incubated 
2nd cutting 
rT Em. 7 gm. gm. 
iz eighé bd «+ deo Selghs per cent ber cent 
Re 388 234 167 39.7 57.0 
Ranger.... _ 382 233 165 39.0 56.8 
Grimm... ' 365 209 178 42.7 51.2 
Turkestan... 344 204 133 40.7 61.3 
3rd cutting 
eae | 449 | 268 274 40.3 39.0 
Ranger... Bese 478 312 255 34.7 46.7 
Grimm... .| 497 343 314 31.0 | 36.8 
Turkestan.........| 486 | 349 229 28.2 | 652.9 





curing conditions. Since it is conceivable that their conclusions are not 
valid for field curing conditions, an experiment was conducted to determine 
the relative effects of sunlight and of enzyme activity on carotene destruc- 
tion during field curing. 

Fresh whole alfalfa was spread on the ground in a thin layer at 2 p.m. 
and was exposed to sunlight and other field curing conditions until 4 p.m. 
the following day. The first afternoon was a good hay-curing day for 
Indiana, being a cloudless, warm day with a moderately strong wind. 
The second day was partly cloudy. The temperature of the air immedi- 
ately above the alfalfa was measured every half-hour. Portions of the 
sample were removed for carotene and moisture determinations at 7 p.m., 
7.30 a.m., and 4 p.m. 
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To measure the destruction of carotene in the absence of sunlight, g 
sample of the fresh whole alfalfa was treated in a Despatch oven with 
circulating air at temperatures which coincided as nearly as possible with 
those which were observed above the leaves outside. The sample was 
moved outdoors at 7 p.m. and was covered with paper to exclude late 
evening and early morning sunlight. It was returned to the oven at 7.30 
a.m. the next morning. Portions were removed for analysis at 7 p.m, 
7.30 a.m., and 4 p.m. 
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leaves. 


The data are summarized in Fig. 2. The loss of carotene due to sunlight 
and enzyme action in the sun-cured alfalfa was 57.8 per cent, while the loss 
in the oven-cured alfalfa due to enzyme action alone was 35.2 per cent. 
These values do not support the conclusion of the previous investigators 
that enzyme action is of minor importance when compared to the destruc- 
tive effect of sunlight. Climatic conditions, however, may greatly alter 
the relative effects of sunlight and enzyme activity. In regions where 
low humidity and high temperature favor rapid drying, enzymic destrut- 
tion of carotene may be considerably less than was found under Indians 
conditions. Unnecessary exposure to sunlight after the hay is cured may 
also cause further destruction of carotene. 
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The apparent destructive action of sunlight may be explained in a 
number of ways. (a) Usually the stomata of leaves are closed in the 
absence of light (8). By causing stomatal opening, sunlight accelerates 
transpiration, which results in more rapid wilting of the leaves. (b) 
Sunlight may produce leaf temperatures which are somewhat higher than 
the temperature of the surrounding air (8), with the result that enzymic 
destruction will be increased both by increased wilting and by the effect 
of temperature upon the enzyme itself. (c) In the presence of chlorophyll, 
carotene in solutions is known to be destroyed rapidly by sunlight (9) and 
it is conceivable that such destruction also occurs in the leaf. 

An experiment similar to that described above was conducted in which 
autoclaved whole alfalfa was dried in the sun and in the dark. No loss 
of carotene occurred in the sample dried in the dark. However, the sample 
dried under field conditions in the sun lost both chlorophyll and carotene 
until the leaves were bleached almost white. The sample lost even more 
carotene than did unautoclaved sun-cured alfalfa under the combined 
effects of sunlight and enzyme action. This confirms the work of Jones 
etal. (7). The reason for the greater loss in autoclaved alfalfa under field 
conditions is obscure. Ultraviolet light is apparently not responsible, since 
asample of autoclaved alfalfa leaves which was exposed at 35° to ultraviolet 
light from a mercury arc lamp lost only 9 per cent in 12 hours. 

In view of these experiments, it appears that the estimation of the effects 
of sunlight and enzyme on carotene destruction cannot be accomplished 
by comparing autoclaved and unautoclaved alfalfa dried under field con- 
ditions. The comparison of unautoclaved alfalfa cured in the sun and 
unautoclaved alfalfa cured in the dark appears to be the most feasible 
method at the present time. 


SUMMARY 


Enzymic destruction of carotene in alfalfa leaves was retarded as long as 
the tissues remained turgid, but increased rapidly with wilting. Since the 
loss of carotene was very rapid when the cells had been ruptured or other- 
wise modified by freezing, it appears that cell permeability limits carotene 
destruction. Under field conditions, little loss of carotene occurs until 
wilting takes place. 

Soil fertility had no significant effect on the carotene-destroying activity 
of alfalfa leaves. 

As the plants approached maturity, there was a slight decrease in caro- 
tene-destroying activity. 

There were no consistent differences in the carotene-destroying activity 
of the four varieties of alfalfa studied. 

Enzymic destruction of carotene during field curing appeared to be 
greater than destruction by light. 
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TRYPTOPHANE STUDIES 


I. THE EFFECT OF NIACIN ON THE UTILIZATION OF 
TRYPTOPHANE* 


By W. A. KREHL, J. pp ta HUERGA, anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, April 29, 1946) 


Although previous work (1) has demonstrated that either tryptophane 
or niacin is completely and separately active in correcting the poor growth 
which results when rats are fed a niacin-low diet which contains corn, little 
other than indirect evidence has been obtained to explain the mechanism 
of this syndrome. Woolley has recently shown (2) that the growth- 
inhibiting effect of 3-acetylpyridine in mice can be counteracted by trypto- 
phane and suggests that the “action of corn may be related to the occur- 
rence in it of a structural analogue of nicotinic acid which competes with 
that vitamin just as 3-acetylpyridine does.’’ While this hypothesis is 
attractive and may indeed be correct, it appears to fall short of explaining 
the fact that the syndrome produced with corn can be duplicated with 
non-corn rations by adding tryptophane-free proteins or acid-hydrolyzed 
proteins to niacin-low rations which contain marginal amounts of trypto- 
phane (3). 

In an effort to elucidate the relationship between niacin and tryptophane 
an experiment was devised to determine the effect of niacin on tryptophane 
utilization. This was done by determining the balance between ingested 
tryptophane and the tryptophane accounted for by gain in body weight 
plus that excreted in feces and urine. 

Inasmuch as an accurate and preferably rapid method for tryptophane 
analysis was a prerequisite to this study, preliminary experiments were 
made to ascertain how tryptophane could be determined most satisfac- 
torily in animal tissues, urine, and feces. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by a grant from the National 
Dairy Council, on behalf of the American Dairy Association. Dr. J. de la Huerga 
was supported by a fellowship from the Institute of International Education, 2 West 
45th Street, New York 19, New York, and by the University of Santo Domingo, 
Dominican Republic. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for the 
generous supply of crystalline B vitamins, and to the Abbott Laboratories, North 
Chieago, Illinois, for the generous supply of haliver oil. 
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EXPERIMENTAL 


Determination of Tryptophane—The problem of tryptophane analysis | 


lies not in its measurement, since it can be rapidly and accurately deter. 
mined by microbiological methods, but rather in the manifest difficulties 
of preparing the sample for analysis in such a manner as to liberate all] of 
the tryptophane without its destruction. Although several methods have 
been proposed for the liberation of tryptophane (4-6), each is subject to 
certain disadvantages and limitations. The enzymatic method of Wooley 
et al. (5) probably offers the highest degree of accuracy but is cumbersome 
and time-consuming; therefore the alternative procedures of alkaline 
hydrolysis were chosen as a basis for the present study. 

Greene and Black (4) proposed the use of anhydrous Ba(OH), for the 
liberation of tryptophane and obtained their results by multiplying the 
assay values by 2 to correct for assumed complete racemization. Wooley 
et al. (5) indicated that irregular results for tryptophane were obtained when 
5 n NaOH was used for hydrolysis and suggested that the extent of race- 
mization of pure /(—)-tryptophane is variable. Stokes et al. (6) reported 
favorably on the use of 5 Nn NaOH at 121° for the liberation and racemiza- 
tion of tryptophane from proteins, but emphasized the importance of 
sample size and time of hydrolysis. 

In order to check these observations, casein, casein plus glucose, pure 
l(—)-tryptophane alone and in recovery experiments with casein, and 
l(—)-tryptophane plus gelatin were treated with various concentrations 
of NaOH and Ba(OH).-8H,0. The procedure used for hydrolysis with 
5 n Ba(OH), was that reported by Greene and Black (4), except that 
Ba(OH),-8H,0 was used instead of Ba(OH), (with proper correction for 
the water of crystallization). 

The materials treated, the method of treatment, and the analytical 
results obtained are compiled in Table I. Tryptophane was measured 
microbiologically by the omission of tryptophane and the inclusion of nia- 
cin in the medium of Krehl et al. (7). A representative standard curve 8 
shown in Fig. 1. 

It is evident from Table I that good analytical results were obtainea ‘a 
the tryptophane content of casein with either 5 N NaOH or 5 n Ba(OH), 
although the Ba(OH),. method is longer and more troublesome than NaOH 
treatment. Neutralization of the NaOH by HCl with the subsequett 
presence of NaC] in the sample should not prove troublesome for mos 
samples because (a) Lactobacillus arabinosus is able to tolerate rather large 
concentrations of NaCl, and (b) the dilution of the sample in most casé | 
reduces the NaC! concentration below critical levels. Concentrations # | 
NaOH below 5 N gave less secure results, although 14 per cent Ba(OH):- 
8H,0O appears to be about as effective as 5 N Ba(OH), in hydrolyzing casell 














Cas 


Casei 


gelat 
\(-)-T 
gelat 


*Va 
racemiz 
t Va: 
the ran, 
{ Lal 


under | 
sulted 

creasing 
of (— 
The 





rsis 
eY- 
‘ies 
of 
ave 
t to 
ley 
yme 
line 


the 
the 
oley 
hen 
ace- 
rted 
\iza- 
e of 


pure 
and 
Lions 
with 
that 
n for 


tical 
sured 
 nia- 
ve is 


a ‘or 
DH)s, 
aH 
quent 
most 
large 
cases 
yns of 
Hs 
easel 





| 





KREHL, DE LA HUERGA, AND ELVEHJEM 553 











TABLE I 
Tryptophane Assay Results on Pure Tryptophane and Casein with Lactobacillus 
arabinosus 
Material treated Method of treatment, at 121° bak an oe pate 
—. per cent per cent 
Casein,{ 1 gm. 20 cc. 1 n NaOH, 5 hrs. | 0.66 
— 20 ‘* 2.5 n NaOH, 7 hrs. 1.22 
“ , 20 ‘** 5n NaOH, 5 brs. | 1.2 
| (1.16-1.28) 
~~ 2 * |} 20 “ 5“ ee | 1.28 
as 2 *“* + glucose,2 | 40 ‘* 5“ ™ | 1.10 
gm. 
Casein, 1 gm. + /(—)-trypto-| 20 “ 5 “ =“ 3 106 
phane, 10 mg. | 
Casein, 1 gm. | 25 “© 14% Ba(OH),-8H,0,; 1.15 
5 hrs. | 
PA. | 20 cc. 5 nN Ba(OH)s, 7 hrs. | 1.28 
oye 4 '—)-trypto-| 20 “* §“ o 7s | 66 
phane, 10 mg. | 
Casein, 1 gm. + 1(—)-trypto-! 25 “ 14% Ba(OH):-8H,0 | 78 
phane, 10 mg. 
\(-)-Tryptophane, 10 mg. H,0, 5 hrs. 98 
as = | 20 ec. 2 Nn NaOH, 5 hrs. G4 
“ _ a2 * (88-92) 
“ 10 * 20 “5s sé ? s 81 
“ce 20 ce 40 ce 5 ce “e 7 Lai | 76 
“ 5 “ | 25 * 14% Ba(OH),-8H,0, | (84-88) 
| 7 hrs. 
" S.> | 25 ec. 5 Nn NaQH, 5 hrs. (84-92) 
o 10 “* | 20 “ 5“ Ba(OH)s, 7 hrs. | (46-48) 
ss 5 “ + | 20 “ 5 “ NaOH, 5 brs. $4 
gelatin, 0.5 gm. 
\(-)-Tryptophane, 5 mg. + | 20 “ 5 “ Ba(OH)s, 7 hrs. 44 
gelatin, 0.5 gm. 





* Values were obtained by multiplying the actual values by 2, assuming complete 
racemization. 

t Values, as found by microbiological assay. The figures in parentheses show 
the range when two or more samples were analyzed. 

} Labeo vitamin-free casein. 


under the conditions employed. The addition of glucose to casein re- 
sulted in somewhat lower tryptophane values with either reagent. In- 
creasing the autoclaving time beyond 5 hours resulted in a poorer recovery 
of (—)-tryptophane. 

The assumption of complete racemization of pure /(—)-tryptophane in 
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the presence of strong alkali is unwarranted, particularly when 5 n NaOH 
is used (Table I). This fact, plus the variable results obtained with § x 
Ba(OH): treatment of /(—)-tryptophane, raised the question as to whether 
the recoveries obtained with this reagent, which approximated 50 per cent. 
were actually the result of complete racemization or the fortuitous result 
of about 50 per cent destruction of l(—)-tryptophane. 

Since Lactobacillus arabinosus responds only to the /(—) form of trypto- 
phane, the question of racemization versus destruction could not be 
answered by the use of this test. The fate of tryptophane could be de- 
termined, however, by applying a chemical test to the alkali-treated trypto- 
phane solutions, inasmuch as no chemical differentiation of the enantio- 
morphs of tryptophane can be made. 
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| 
GAMMA Lt TRYPTOPHANE 
Fic. 1. Tryptophane standard curve (Lactobacillus arabinosus) 


The chemical method used for the determination of tryptophane was 
based essentially on the method of Folin and Marenzi (8) with phospho 
molybdotungstic acid for color development, which was measured in the 
Evelyn colorimeter with a 420 mu filter. The chemical and comparative 
microbiological analyses of l(—)- or dl-tryptophane, which was treated with 
5 n NaOH or Ba(OH),; respectively, are shown in Table II. These results 
indicate that 5 N Ba(OH), but not 5 n NaOH treatment results in a marked 
destruction of tryptophane. Treatment with 14 per cent Ba(OH)2-8H,0 
caused little destruction of tryptophane. 

To study the relationship between autoclaving time and the effect ¢ 
5 n Ba(OH), and 5 n NaOH on tryptophane, samples of /(—)- and @ 
tryptophane were treated with the respective reagents for varying lengths 
of time and analyzed for tryptophane by the chemical method. The | 
results are graphically shown in Fig. 2 and demonstrate a progressive de- 
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struction of tryptophane by 5 n Ba(OH):. That some tryptophane is 
adsorbed on the BaSQ, precipitate was evident, since about 2 per cent of 


TABLE II 


Comparison of Microbiological and Chemical Assay of Tryptophane Treated by 5 N 
NaOH and 5 nw Ba(OH);, Respectively 





—— 


Tryptophane recovery 





| 
Material treated, 10 mg.* Method of treatment, at 121° 








Micro- : 

| = —— 

percent | per cent 
l(—)-Tryptophane | 20 ec. 5 n NaOH, 5 hrs. 90 | 95 
dl-Tryptophane GC Bat +. Be. | 04 95 
l(—)-Tryptophane 25 ‘* 14% Ba(OH),.-8H,0, 84 89 

7 hrs. | 

« 20 cc. 5 N Ba(OH)s, 7 hrs. 53 52 
dl-Tryptophane 0“*5* j“« 7 « | 56 | 54 
l(—)-Tryptophane H,O, 5 hrs. 96 | 100 
dl-Tryptophane = 3." 97 | 100 


*dl-Tryptophane activity for Lactobacillus arabinosus is only 50 per cent of 
l(-—)-tryptophane, and in calculating the above recoveries only the 1 component 
was considered. For the chemical assay the dl- and [(—)-tryptophane have equal 
activity. 











PER CENT Lt) OR DOL TRYP TOPHANE 








0 2 
HOURS AT i2i°C 


Fig. 2. Effect of time and 5 n alkali at 121° on tryptophane, as measured chem- 
ically. 


the total tryptophane (by analysis) could be removed from the precipitate 
by further extraction of the precipitate with hot H,0. 

The results with 5 n Ba(OH), and pure 1(—)- or dl-tryptophane indi- 
cated that the microbiological assay results which had been obtained by 
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multiplying the actual assay value by 2 might also be dependent ong |_| 
per cent destruction of /(—)-tryptophane rather than its complete racemizg. ‘ 
tion. To test this idea samples of casein were autoclaved 5 hours gj ¢ 
121° with 5 n NaOH and 7 hours at 121° with 5 N Ba(OH), or 14 per cent \ 
Ba(OH).-8H,0, respectively. The samples were then analyzed fo; 8 
tryptophane by the chemical method (8) and it was found that the casei ¢ 
samples treated with 14 per cent Ba(OH).-8H,O and 5 n Ba(OH), eon. a 
tained 82 and 59 per cent as much tryptophane respectively as did the g 
sample which had been autoclaved with 5 n NaOH. 

These results substantiate the previous observations (9) that racemiza- fi 
tion of pure amino acids with alkali is induced with difficulty.  Sinee fo 
racemization of /(—)-tryptophane is evident, however, when casein js in 
hydrolyzed with 5 nN NaOH (chemical values are twice as high as micro de 
biological values), it appears that racemization precedes the hydrolytic oat 
cleavage of the peptide bond. ni 

This difference in behavior of tryptophane which depends on whether a 
it is free or combined in the protein molecule obviously makes for some tin 
difficulty in ascertaining recovery. Recovery of pure /(—)-tryptophane 
in the presence of casein (see Table I) was obtained, therefore, by assuming aft 
no racemization and subtracting the actual assay value for casein from the . 

pa. 


actual assay value of the recovery sample; 7.e., casein plus /(—)-trypto- 
phane. This study in general confirms the observation of Stokes et al. 


(6) that hydrolysis with 5 nv NaOH provides an adequate and expedient 
method for liberating and racemizing tryptophane from proteins, although Th 
little advantage could be observed in extending the hydrolysis time beyond = 
5 hours. alic 
Although the tryptophane values (xX 2 to correct for racemization aut 
obtained by 5 hours autoclaving at 121° with 5 Nn NaOH may not be ab sist 
solute, they are consistent and representative, and consequently this of 
method was used for liberating the tryptophane (when necessary) in the was 
tryptophane balance experiments which follow. The indiscriminate i 
ern 


application of this method of sample preparation is not warranted, hov- 
ever, inasmuch as some destruction of tryptophane is indicated and this Tr 
destruction may increase, depending upon the sample that is analyzed. 

Tryptophane Balance Study—Male rats of the Sprague-Dawley strain The 
were used in the following experiments. The diets employed have been expe 
described in detail (1) and consisted of Diet A, which contained 2 parts pon 
of corn grits and 3 parts of the niacin-low synthetic ration, and Diet 3, kent 
which was identical with Diet A, except for the addition of 1.5 mg. é Pid 
niacin per 100 gm. of ration. Both diets contained 118 mg. per cent a cae 
tryptophane. Four rats, two on Diet A and two on Diet B, were placed rate 
metabolism cages for a period of 4 weeks and careful records were kept @ | 
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weekly food consumption and gain in body weight. The urine and feces 
of each rat were collected separately and assayed for tryptophane. To 
determine the tryptophane content per gm. of rat, eight comparable rats 
were maintained on Diets A and B respectively, two rats on each diet were 
sacrificed at the end of each week of the metabolism study, and the entire 
carcass Was assayed for tryptophane. This assured a fair comparison 
as to age and weight for calculating the tryptophane represented in the 
gm. gained per rat on the metabolism experiment. 

Urine tryptophane was determined directly after the urine had been 
filtered at pH 4.4,readjusted to pH 7,and diluted to appropriate volume 
for tryptophane analysis. No effort was made to eliminate the possible 
interference of indole, since this or any other compound containing or 
derived from the indole nucleus which might be active for Lactobacillus 
arabinosus must presumably have originated from tryptophane. The 
niacin content of the urine was not determined since the amount of niacin 
excreted is too small to modify significantly the results in view of the rela- 
tively large amounts of niacin utilized for animal growth. 

Feces were autoclaved for 1 hour with about 50 volumes of 1 nN NaOH, 
after which an aliquot was taken for niacin determination (7). . Another 
aliquot was further autoclaved with 5 n NaOH and assayed for trypto- 
phane, as previously described. 

The tryptophane content per gm. of rat was determined by autoclaving 
the entire carcass with 10 volumes of 1 N NaOH for 1.5 hours at 121°. 
This results in complete disintegration of the rat, except for bone frag- 
ments. An aliquot was then taken for niacin analysis (7) and another 
aliquot equivalent to 5 gm. of rat was made to 5 N by adding solid NaOH, 
autoclaved, and assayed for tryptophane as above. A remarkable con- 
sistency was noted in the tryptophane content of rat carcass regardless 
of diet, age, or size. The average tryptophane value for forty analyses 
was 1.70 mg. of tryptophane per gm. of rat with extreme values of 1.60 
and 1.88 mg. per gm. The per cent of tryptophane utilization was de- 
termined by the following equation: 


Tryptophane per gm. rat X gm. gained + tryptophane in urine and feces X 100 
Tryptophane ingested (diet) 





The 4 week data are summarized in Table III, Experiment I. In this 
experiment a comparison of Diets A and B was made over a 4 weeks 
growth period. In the second metabolism experiment, twelve rats were 
kept on Diet A (the deficient diet) for 4 weeks after weaning, at which 
time four were placed in metabolism cages for 1 week. Two of the four 
rats were then given Diet B (which contains niacin) for 1 week, while two 
rats were continued on Diet A. The tissue tryptophane on the compar- 
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able extra rats and the tryptophane in the feces and urine were determined 
asin Experiment I. It will be noted in Table III, Experiment IT, that after 
5 weeks on the deficient Diet A the rats made unusually large gains jp 


TaBLe III 
Effect of Niacin on Tryptophane Utilization 





; : Trypto- Trypto- ae Trypto-| F 
Experi- | . Rat | Gainper; Food phane | Weight of phane Iryp <@ md a. 
ment Diet 4 : ‘ ; a phane : nsump- 
a | No wk intake | in feces in sapere utiliza- | tion per 
= J | urine feces — tion | gm. gain 
eee) ‘te ite are ae ate ey rr Pa ae 
cm. = ed | gm. per wk. — nd ey "| per cent em. 
I \ l 3.5 25.5 247 0.589 2.16 1.76 28.6) 7.25 
2 8.5 46.0 326 0.744 2.36 1.70 31.6 | 5.4] 
Average | 6.0 35.7 287 0.666 2.26 1.73 30.1 6.33 
B 3 | 26.8 | 64.3 677 1.480 5.77 1.77 71.8 | 2.40 
4 27 .2 66.5 72 1.105 5.03 1.74 68.2 | 2.44 
Average 27.0 65.4 700 1 .292 5.40 1.76 70.0 | 2.42 
II At 5 5 29 368 0.530 1.62 1.67 | 30.6] 5.8 
6 6 33 311 0.645 2.48 1.80 34.4) 5.5 
Average 5.5 31 339 0.588 2.05 1.73 32.5 | 5.65 
A§ 5 7 | 35 381 0.472 1.27 1.60 | 31.2; 5.0 
6 10 40 144 0.865 2.64 1.70 411.8), 4 
Average 8.5 37.5 262 0.668 1.95 1.65 36.5 | 4.5 
At 7 8 33 302 0.729 2.16 1.61 40 | 4.12 
BS 7 50 91 390 2.078 8.00; 1.76; 91 | 1.8 
At | 8 5 30 563 | 0.540 | 1.64| 1.60} 28.6| 6.00 
Bg | 8 43 76 510 1.697 6.90 1.84 93.8 | 1.77 
' 


* The figures for Experiment I give the average gain per week for 4 weeks, The 
figures in Experiment II give the weekly gains for the 5th and 6th weeks after 4 
weeks on Diet A. 

t Analyses made of comparable rats on comparable diets. 


t 5th week. 
§ 6th week. 


weight with a correspondingly high percentage of tryptophane utilization 
when they were given niacin. In addition to the fact that a high percent 
age of tryptophane can be accounted for in rats on Diet B, considerably 
less of this diet was consumed per gm. of gain in body weight than 0 | 
Diet A. 
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Balance values similar to those obtained for tryptophane were cal- 
culated for niacin (Table IV). Even when the niacin content of the urine 
is disregarded, it is evident that over 100 per cent of the niacin ingested 
ean be accounted for regardless of diet, age of rat, or stage of deficiency. 
This is in marked contrast to the tryptophane balance in which case about 
30 and 70 per cent of the ingested tryptophane could be accounted for on 
the deficient and adequate diets respectively. 

From the data in Tables III and IV it is evident that the tissue content 
of niacin and tryptophane is quite constant (7.e., 33 y and 1.70 mg. per 
gm. respectively). In addition no significant difference can be noted 
between the niacin or tryptophane content per gm. of feces. 


TaBLe IV 
Niacin Utilization 





} | 
| Weight of | Niacinin | Excess 












































Di | Food | Niacin | Gain per | Niacin in 

let intake | intake wa? | rat | feces feces niacint 
| 
| gm. per wk. y per wk. gm. | y per gm. | ém. per wk. 7 per wk. 7 per wk. 
At Rat1 | 25.5 68.8 | 3.5 | 32.5 | 0.589 85.7 122 
“ “ 2 | 46.0 124 | (8.5 | 32.2 | 0.744 87.8 218 
Average......| 35.7 | 96.4 | 6.0 | 32.4 | 0.666 | 86.8 | 170 
BgRat3 | 64.3 | 1066 | 26.8 | 34.8 | 1.490 | 193 | 62 
“ «4 | 66.5 | 1070 | 27.2 | 32.7 | 1.105 | 218 95 
| | | 

Average......| 65.4 | 1068 27.0 | 33.8 | 1.292 | 206 78 








* Average gain per week for 4 weeks. 

t (Niacin per gm. of rat X gm. gained) + (feces niacin) — (niacin ingested). 
t Niacin content, 2.7 y per gm. of ration. 

§ Niacin content 17.7 y per gm. of ration. 


To examine further the relationship between niacin intake and output 
this ratio was calculated for the niacin-low synthetic basal, for the corn 
grits basal with dextrin as the carbohydrate in place of sucrose, and for the 
corn grits basal plus 50 mg. per cent of /(—)-tryptophane (1). The data 
obtained from the present metabolism study were used as a basis for the 
calculations which are compiled in Table V. (These calculations, while 
approximate, are representative and comparable.) 


DISCUSSION 


It is evident from the data (Table V) that the good growth and con- 
comitant increase in total tissue niacin obtained on the niacin-low synthetic 
basal ration could be accounted for only by a mechanism of niacin syn- 
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thesis. Since the physiological processes of growth apparently involve g 
constancy of tissue components, growth will not occur in absence of any 
one essential component. : 

Although corn supplies some dietary niacin, this source would be wholly 
inadequate in view of the relatively large demands for tissue growth unless 
a supplementary synthetic mechanism were available. That this supple- 
mentary mechanism is impaired on such a diet is evident. When dietary 
niacin is added in adequate amounts to the corn ration, growth is resumed 
but apparently limited to the extent of dietary intake, since there is an 
almost exact balance between niacin intake and “output,” with little 
niacin synthesis in evidence. In this case almost as much dietary niacin 


TABLE V 
Calculated Niacin Balance on Various Diets 





Niacin balance* 








Diet used omen i—— ; nec 
| | Niacin intake | yon gS 
gm. | > per wk. y per wh. 

Synthetic (sucrose)f...................... 27 <10 1100 
6 IE v6. 5.d. at coccunwawnads 6 100 280 
“ + * a | ee 27 1068 1097 
‘3 + “* “ 4 tryptophane. ....| 27 194 1100 
- (dextrin) + corn grits............| 21 | 194 | 943 





* Output (tissue niacin X gm. gained + feces niacin) — (niacin intake). 
t Contains <0.1 mg. per cent of niacin. The composition of the ration has been 
described (1). 


t Corn grits replaces 40 parts of entire ration (1). 


was added as had formerly been synthesized on the niacin-low synthetic 
ration with approximately the same growth ensuing in both cases. 

That the tryptophane content of the corn ration is adequate in the pres- 
ence of added dietary niacin might be explained by the positive effect of 
niacin on the utilization of tryptophane. Good growth is obtained with 
non-corn niacin-low diets containing only 108 mg. per cent of tryptophane 
(3) on which niacin synthesis is evident, but fails when corn rations are 
used, although their tryptophane content is slightly higher (7.e., 118 mg. 
per cent). 

The good growth effected by the addition of tryptophane to corn rations 
could result from the action of tryptophane in improving niacin synthesis, 
which could then play a dual réle of providing adequate niacin for tissue 
growth and improving tryptophane utilization. Whether tryptophane 
acts to stimulate niacin synthesis in the rat or whether it is an actual 
precursor of niacin remains to be determined. 
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It should also be noted that the above explanation would be applicable 
to the analogous syndrome which can be produced with non-corn rations. 


SUMMARY 


Procedures for the liberation of tryptophane by the alkaline hydrolysis 
of proteins have been studied. Hydrolysis with 5 n NaOH at 121° for 5 
hours provides an adequate and expedient method for liberating trypto- 
phane with a minimum amount of destruction. 

Racemization of pure /(—)-tryptophane does not take place when treated 
with 5 n NaOH or 14 per cent Ba(OH).-8H,O. Similar treatment with 
5 n Ba(OH), appears to destroy both 1(—)- or dl-tryptophane. 

The utilization of tryptophane and niacin by rats on rations containing 
corn grits and corn grits plus niacin was determined by means of a balance 
study, and the results indicate that niacin improves the utilization of tryp- 
tophane from about 30 to about 70 per cent. Over 100 per cent of the 
ingested niacin was accounted for in all cases. The carcass content of 
niacin and tryptophane was remarkably constant. 

An explanation is offered for the effectiveness of either niacin or trypto- 
phane in counteracting the retarded growth of rats on corn rations. 
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A SPECTROPHOTOMETRIC METHOD FOR THE MEASURE- 
MENT OF RIBONUCLEASE ACTIVITY 


By M. KUNITZ 


(From The Rockefeller Institute for Medical Research, Princeton) 
(Received for publication, March 22, 1946) 


Digestion of yeast nucleic acid by ribonuclease is accompanied by a shift 
in the ultraviolet absorption spectrum of the substrate towards the shorter 
wave-lengths (Fig. 1). 

The shift is not due to the liberation of free acid which takes place during 
digestion (1, 2), since the effect of increasing the hydrogen ion concentra- 
tion is to shift the absorption spectrum of yeast nucleic acid in a direction 
opposite to that caused by ribonuclease; namely, towards the longer wave- 
lengths (Figs. 2 and 3). 

The shift in the ultraviolet spectrum caused by ribonuclease is most 
distinct in the region of 290 to 305 my, where the gradual decrease in the 
extinction (density) E = log Io/J during the initial stages of the digestion 
process can be readily measured. The determination of the rate of change 
in the absorption of the ultraviolet light can thus serve as a convenient 
method for measuring the concentration (activity) of the ribonuclease in 
the digestion mixture. 

The effect of varying the concentration of ribonuclease on the vaJue of £ 
at 300 my is shown graphically in Fig. 4, A. 

The value of £ decreases linearly with time, at least during the initial 
phase of the reaction, the rate of decrease being nearly proportional to the 
concentration of enzyme in solution, as shown by the values for the slopes 
of the lines. Hence 


dE 
-—=«K 1 
dt ad (1) 





is an approximate expression for the relationship between the change in E 
with time and the concentration C of the ribonuclease. However, the 
following relationship was found to hold for a wider range of concentration 
of ribonuclease; namely, 

dE . 

—~— = KC(E — Ey) (2) 

dt 
where ZF = extinction (density) at any time, ¢, and E, = final extinction. 
This equation is of the type corresponding to a unimolecular reaction, since 
the concentration of enzyme C is apparently constant during the reaction. 
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Fic. 1. The effect of ribonuclease on the ultraviolet absorption spectrum of yeast 
nucleic acid at pH 5.0. Concentration of nucleic acid (Boehringer’s yeast nucleic 
acid, purified by reprecipitation with glacial acetic acid (1), was used in most of the 
tests) 0.05 mg. per ml. of 0.05 m acetate buffer, pH 5.0. Concentration of crystalline 
ribonuclease (1) 0.00025 mg. per ml. The length of absorbing solution = Lem. The 
plotted values of F are observed readings of density log /o/I of the solution. 
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Fic. 2. The effect of ribonuclease on the extinction (density) of a solution of yeast 
nucleic acid in the range of 292 to 310 mz at pH 5.0. Concentration of nucleic acid 
0.5 mg. per ml. Concentration of ribonuclease 0.0025 mg. per ml 
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Equation 2, when integrated, gives 


—log (E — Ey) = tH log (Ey — Ey) (2, a) 


When log (E—£,) is plotted against ¢, a straight line is obtained, the slope 
of which equals — KC/2.3, while log (Ey— E,) is the intercept at ¢ = 0. 
The value of Z; is generally reached within 1 to 3 hours of digestion and 
is independent of the concentration of ribonuclease used. K, the propor- 
tionality constant, is a measure of the units of ribonuclease activity per unit 
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Fic. 3. The effect of pH on the extinction (density) of a solution of yeast nucleic 
acid in the range of 294 to 315 mu. 


concentration of enzyme and is obtained by plotting log (EF — Ey) versus t 
(Fig. 4, B), multiplying the slope of the straight line drawn through the 
plotted points by —2.3, and dividing by the concentration of the ribo- 
nuclease in solution. 

The unit of ribonuclease activity is defined here as the amount of enzyme 
which is capable of causing a decrease of 100 per cent per minute in the 
value of Ey — E; of the substrate at 25°. The substrate consists of 0.05 per 
cent solution of yeast nucleic acid in 0.05 m acetate buffer, pH 5.0. Eo — E; 
is the maximum possible change in the extinction at 300 mu. 


EXPERIMENTAL 


The method of measuring ribonuclease activity by the spectrophoto- 
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metric method consists simply in mixing rapidly 2 ml. of 0.1 per cent solu- 
tion of yeast nucleic acid in 0.1 m acetate buffer, pH 5.0, with 2 ml. of a 
dilute solution of ribonuclease in water, both at about 25°. The time of 
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Minutes 
Fia. 4. The effect of concentration of ribonuclease on the extinction (density) of 
0.05 per cent solution of yeast nucleic acid, pH 5.0, at 300 mu. 


mixing is carefully observed, or still better, a stop-watch is started at the 
moment of mixing. The mixing is more prompt if substrate and enzyme 
are prepared in separate tubes and then mixed by pouring rapidly from one 
tube to the other, and back and forth. 

The mixed solution is immediately transferred into a quartz cell of 1 sq. 
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em. inner cross-section, and extinction (density) readings at 300 my are 
taken every minute or longer for about 10 minutes, depending on the rate 
f drop in extinction. 


TABLE I 
Effect of Ribonuclease on Ultraviolet Light Absorption at 300 mp of Various Commercial 
Preparations of Yeast Nucleic Acid 
Digestion mixture, 2 ml. of 0.1 per cent nucleic acid in 0.1 m acetate buffer solution, 
pH 5.0, plus 2 ml. of solution of 0.005 mg. of crystalline ribonuclease per ml. of H,0. 
The values of E are observed densities (log Jo/J). 














| Activity, | Ribonuct 

Yeast nucleic acid | Ee Ey i gee Psy ribonuclease ase units 

| vores | | Ome Per ease 
Boehringer.......... adaoniiiah | 0.564 | 0.406 | —0.047| 0.108 | 43 
Standard Brands... woceeee] O.6GB | 6.438 —0.044 | 0.101 | 40 
a a a a 0.516 0.412 —0.040 0.092 | 37 
Na nucleinate, Merck........... | 0.586 | 0.356 | —0.040| 0.092 37 

“ - Schwarz Labora- 

oh has is tetanic | 0.578 | 0.362 | —0.038 | 0.087 35 
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Fic. 5. Various preparations of yeast nucleic acid 


A control solution consisting of a mixture of 2 ml. of the yeast nucleicacid 
and 2 ml. of water is used as a check on the instrument. The control 
solution, if not contaminated with a trace of enzyme, generally does not 
show any drop in extinction, even after standing for several hours at room 
temperature. All the measurements are taken against 0.05 mM acetate 
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buffer, pH 5.0, as a standard for J). The readings are plotted either dj. 
rectly against ¢ in minutes or as log (E — E;) versus t, depending on the 
rapidity of the reaction. 

The ribonuclease activity per ml. of solution is equal in the first case to 
the slope of the line drawn through the plotted points of E versus t, divided 
by the value of Ey — E;, while in the second case it equals the slope of the 
line drawn through the plotted points of log (FE — E,) versus t, multiplied 
by —2.3. Dividing by the factor 2, — £;, in the first case is necessary in 
order to express the activity in units comparable to those of the logarithmic 
expression, as defined in Equation 2, a. 

Effect of Using Various Preparations of Yeast Nucleic Acid—Severa] 
commercial samples of yeast nucleic acid were tried simultaneously. The 
results are given in Fig. 5 and summarized in Table I. The difference be- 
tween the various preparations is not very significant. It is convenient, 
however, to use preparations in which the difference between Eo and £;, is 
greatest. A Beckman quartz spectrophotometer has been used for the 
extinction measurements. 


SUMMARY 


A convenient method for the quantitative determination of ribonuclease 
activity is described. The method is based on the fact that ribonuclease 
causes a gradual shift in the ultraviolet absorption spectrum of yeast 
nucleic acid towards the shorter wave-lengths. 
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STEROIDS DERIVED FROM BILE ACIDS 


IV. 3,9-EPOXY-A"-CHOLENIC ACID AND CLOSELY RELATED 
COMPOUNDS 


By VERNON R. MATTOX, RICHARD B. TURNER, LEWIS L. ENGEL, 
BERNARD F. McKENZIE, WARREN F. McGUCKIN, 
AnD EDWARD C. KENDALL 


(From the Division of Biochemistry, Mayo Foundation, Rochester, Minnesota) 
(Received for publication, April 9, 1946) 


It has been shown that the Cy-hydroxyl group in 3(a),12-dihydroxy- 
A®.cholenic acid is easily replaced with an acetoxy] or methoxyl group (1). 
Further investigation has revealed the fact that through the action of hy- 
drogen chloride the C,:-hydroxyl, methoxyl, and acetoxyl compounds are 
readily converted into the same ally] chloride.' This derivative, even under 
mild conditions, loses halogen acid to give a new product which appears to 
contain an oxygen bridge between C; and Cy. The preparation and prop- 
erties of this new product and related compounds are described in this 
paper (Figs. 1 and 4). 

A chloroform solution of methyl 3(a)-hydroxy-12-methoxy-A®-- 
cholenate (II)?(1) was saturated at 0° with dry hydrogen chloride and after 
removal of the solvent a product was separated by crystallization from 
petroleum ether which possessed the properties of the expected ally! halide, 
methyl 3(a)-hydroxy-12-chloro-A*-"-cholenate (IV). The chlorine in this 
compound is assigned to C2, since treatment with a concentrated solution 
of sodium hydroxide gave 3(a) ,12-dihydroxy-A®""'-cholenic acid (I) (1, 2). 
When dissolved in methanol, IV underwent a replacement of chlorine by 
methoxyl to give the known Cy-methoxyl derivative (II). Methyl 
3(a)-acetoxy-12-methoxy-A*:"-cholenate (VIII) and methyl 3-keto-12- 
methoxy-A*"-cholenate (XX V) have also been converted into derivatives 
with halogen at Cy. (VI and XXIV respectively) by the foregoing method, 
and treatment of these compounds in aqueous acetone with a silver salt 
yielded the Cy.-hydroxy derivatives (VII and XXIII) (1). 

When methyl 3(a)-hydroxy-12-chloro-A®"'-cholenate (IV) in chloroform 
solution was not maintained in an anhydrous state, as previously described, 
but was washed with water and a dilute solution of sodium bicarbonate, the 
product obtained (XI) did not contain halogen.’ 

From analogy with the formation of 3(a) ,12-dihydroxy-A*'-cholenic 


‘Hydrobromic acid forms the corresponding C;:-bromo compound. 

* Roman numerals refer to the various compounds in Figs. 1 and 4. 

*The same compound (XI) was subsequently formed by treatment of the chloro- 
form solution of IV with pyridine. 
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halogen at Cy: had been replaced with a hydroxyl group to give methyl 
3(a) , 12-dihydroxy-A®""-cholenate (III), but the substance isolated from 
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the chloroform was not III. Analysis of the product indicated the presence 
of only 3 atoms of oxygen and determination of the molecular weight showed 
that the molecule was a monomer. Absence of selective absorption in the 
ultraviolet region excluded the possibility that loss of hydrogen halide had 
resulted in the formation of a conjugated diene, but the presence of an active 
double bond was shown by the utilization of 1 mole of perbenzoic acid to 
give an oxide (XIV), and by the absorption of 1 mole of bromine to give a 
mixture from which two dibromo derivatives, XII and XIII, were isolated. 

The absence of a hydroxyl group at Cs was shown by failure of the acid X 
to form an acetyl derivative with acetic anhydride and pyridine and by 
recovery of the dibromide XI} unchanged from a solution of excess chromic 
acid in acetic acid. ‘ 

The new product (X) was also recovered unchanged from a strong solu- 
tion of sodium hydroxide but studies of the behavior of the ester XI in acid 
mediums indicated that an allylic system was present which possessed 
properties similar to those of the allylic compound methyl 3(q@) , 12-dihy- 
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+ . COOCH, 
.v) \ | 
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oA 


Fig. 2 


droxy-A*""-cholenate (II{) and its Cy-methoxyl derivative (II). In 
chloroform both II and XI were converted with hydrogen chloride into 
methyl 3(a)-hydroxy-12-chloro-A*®"'-cholenate (IV). In acetic acid and a 
trace of sulfuric acid II and XI yielded methyl 3(a)-hydroxy-12-acetoxy- 
A*l.cholenate (XVI). On oxidation with chromic acid in acetic acid, both 
II and X yielded small amounts of the known methyl 3, 12-diketo-A®'- 
cholenate (X XI) (1) and in methanol and a trace of mineral acid XI was 
converted into II. 

On the basis of the evidence ‘which has been presented we suggest the 
structure shown in Fig. 2 as the most probable for product XI. 

Several arguments may be advanced in support of this formulation. 
First, a simple mechanism exists for the formation of XI from the allyl 
halides IV and V by loss of halogen acid. Removal of the halogen at Cy: 
through solvation would be expected to give rise to a carbonium ion with 
the residual charge distributed between Cy and Cy. The resultant hybrid 
can yield a stable structure by formation of the six-membered cyclic ether 
with loss of a proton from the hydroxyl group at C; (Fig. 3).4 


‘The isolation of 3(a),12-dihydroxy-A®-"-cholenic acid (I) from treatment of 
methyl 3(¢)-hydroxy-i2-chloro-A®"-cholenate (IV) with concentrated alkali, which 

















572 STFROIDS FROM BILE ACIDS. IV 


Evidence in favor of the reaction mechanism suggested for the formation 
of XI is furnished by derivatives of methyl 3(a)-hydroxy-12-halo-A9.. 
cholenate (IV and V) which cannot form the 3 ,9-epoxy structure but which 
can yield carbonium ions of the type under discussion by loss of halogen, 
Two such compounds are methyl 3(a)-acetoxy-12-chloro-\*"-cholenate 
(VI) and methyl 3-keto-12-bromo-A’" cholenate (XXIV). The carbo. 
nium ions which result from removal of the halogen atoms from these 
compounds are stabilized by loss of a proton and formation of conjugated 
dienes. The results of this investigation will be reported in a subsequent 
paper. 

Further evidence for the 3 ,9-epoxy structure is given by construction of 
Stuart models (4). Experimental evidence for the configuration of the 
bile acids (5-8), although not conclusive, indicates that the fusion between 
Rings A and B is cis as in cis-decalin, and that the hydroxyl group at (, 
is a; that is, that it lies on the side of the molecule opposite to the methyl 
group at Cy (9). The model shows that carbon atoms 3 and 9 are in 4 
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relation such that closure of a cyclic ether of the type discussed can be 
effected without distortion. A model with a cyclic ether linkage between 
C; and Cy cannot be made and it is also impossible to form a model with 
a 3,9-epoxy structure if the Rings A and B are trans, or with the cyclic 
ether on the same side of the Ring A as the methyl group at Cio. These 
results furnish good confirmation of the previous assumptions in regard 
to the configuration of the bile acids. 

The most convincing evidence for the structure of XI was obtained 
by the preparation of the 11,12-oxide (XXVII). This yielded two of the 
four possible glycols at 11,12 (XXIX and XXX1I) and both of these glycols 
in turn gave the same a-diketone (XXXII) on careful oxidation with 
chromic acid (Fig. 4). 

Absorption in the ultraviolet region by the diketone showed a striking 
similarity to that reported by Barnett and Reichstein (10) for the keto form 
of 11,12-diketocholanic acid. The shift to the longer wave-length with 
maxima at 295 and 376 my and log ¢ 2.018 and 1.590, respectively, exhib- 
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has been previously mentioned, may be interpreted as a direct replacement of the hal- 
ogen with the hydroxyl group (3). 
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ited by our compound may be attributed to the influence of the adjacent 
atom of oxygen at (> (Fig. 5). 

It has been suggested that the formation of both the 3,9-epoxy structure 
and the diene from allyl halides at Cy: is through removal of halogen and 
formation of a carbonium ion. Stablization of the ion is accomplished in 
each instance through loss of a proton but the conditions under which 
halogen acid is lost to form the epoxide in one case, or the diene in the other, 
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are quite different. The 3,9-c¥clic ether is formed at room temperature 
within a matter of minutes wi‘»n a chlproform solution of methyl 3(a)- 
hydroxy-12-bromo-A?: #! -cholenute (V) is washed with water. In contrast, 
methyl 3-keto-12-bromo-A*. "egnlenate (XXIV) and methyl 3(a)-acetoxy- 
12-chloro-A°: "-cholenate are es tire ‘ly stable in ‘a mixture of chloroform 
and water; the dienes are forme at the boiling point of pyridine. 

Another example of the cifferjé.ce in “ability of the halogen at Cy is given 
by a comparison of the behavic?’ of the: closely related compounds methyl! 
3(a)-hydroxy-12-bromo-A*: "-ch.-lerate (V) and the corresponding 3-keto 
derivative (XXIV) it methano?. The bromine in V was replaced with 
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the methoxyl group at 0° to give methyl 3(a)-hydroxy-12-methoxy-d®: 4. 
cholenate (II), but XXIV was recovered unchanged after a methanolic 
solution of the compound had been heated to boiling. The bromine in 
XXIV was replaced with the methoxy! group after addition of silver nitrate 
to the methanolic solution at room temperature. 

Reduction of the double bond in 3(a)-hydroxy-A"-cholenic acid (11, 12) 
in acetic acid with hydrogen and platinum to give lithocholic acid occurs 
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Fia. 5. Absorption spectra of (Curve 1) methyl 3,9-epoxy-11, 12-diketocholanate 


and (Curve 2) methyl! 11,12-diketocholanate, reproduced from the paper by Barnett 
and Reichstein (10). 


rapidly and it was anticipated that the reduction of the double bond Cu:Cx 
in methyl 3 ,9-epoxy-A"-cholenate (XI) would give methyl 3 ,9-epoxycholan- 
ate. However, in neutral ethanol neither the double bond nor the epoxy 
structure of XI was altered by hydrogen and Adams’ platinum catalyst. 
Addition of acetic acid to the solution produced rapid uptake of 1 mole di 
hydrogen, after which absorption of hydrogen almost ceased. After 
hydrolysis of the ester the product which was separated was not 3,% 
epoxycholanic acid but was shown to be 3(a)-hydroxy-A*: ''-cholenie acid 
(XVII) (13, 14). This is described in a later paragraph. 
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It was subsequently shown that the absorption of hydrogen occurred 
with formation of XVII when 3,9-epoxy-A"-cholenic acid (X) in neutral 
ethanol was used in place of its ester, and that small amounts of a weak 
organic acid induced the reduction of methyl 3 ,9-epoxy-A"-cholenate (XT) 
in neutral ethanol. For example 1 mm of the ester XI and 0.5 mm of 
lithocholic acid in neutral ethanol absorbed 98 per cent of 1 molar equivalent 
of hydrogen in 22.25 hours. When 1 mm of lithocholic acid was present 
but when, in addition to the lithocholic acid, a basic substance, ethyl- 
morpholine, was added in an amount equal to the acid, less than 2 per cent 
of 1 molar equivalent of hydrogen was absorbed by the ester (XT) during 
an interval of 4 hours under identical conditions. 

These observations suggest that the epoxide ring is opened to give 
methyl 3(a)-hydroxy-12-ethoxy-A®:"-cholenate or an equivalent com- 
pound, prior to hydrogenolysis. However, the absorption of hydrogen 
and cleavage of the cyclic ether in acetic acid proceed at a rate far greater 
than can be expected from observations on the opening of the 3 ,9-epoxide 
ring through the influence of acetic acid alone, and the absorption of hydro- 
gen by XI is at a rate much greater than is the rate of the removal of the 
hydroxyl, methoxyl, or acetoxyl group at Cy through hydrogenolysis. 

The acid XVII (13, 14) was identified by reduction to lithocholic acid (15) 
and by formation of an acetoxy ester (XIX) and an oxide (XX). The 
methyl ester (XVIII) was found to be dimorphous, with melting points of 
105.5° and 113°, and was thus differentiated from methyl lithocholate, 
which melts at 129-130° without previous softening or change in crystal 
structure (14, 16). 

In discussion of this series of compounds the structure of methyl 3(a)- 
hydroxy-12-methoxy-A®: "'-cholenate (II) and the closely related deriva- 
tives with hydroxyl, chlorine, or acetoxy] at Cy. (III, IV, and XVI, respec- 
tively) was left without proof for the position of the double bond. The 
position of the substituent (hydroxyl, acetoxyl, methoxyl, or halogen) 
could be at Cy. with a double bond Csy:Cy as suggested, or at Cy with a 
double bond Cyu:Cy. Although rigid proof of the position of the sub- 
stituent is lacking, treatment of the compounds with bromine provides 
evidence for the position of the double bond. 

In a chloroform solution the known methyl 3(a)-hydroxy-A®: "-cholenate 
and its Cy»-keto derivative and the compounds II, III, IV, and XVI to 
which the double bond has been assigned the Cy:Cy, position do not readily 
utilize small amounts of bromine. However, methyl 3(a)-hydroxy-A"- 
cholenate and its 3 ,9-epoxy derivative (XI) rapidly add 1 mole of bromine 
and form dibromo derivatives which are stable in a two-phase mixture of 
chloroform and aqueous sodium bicarbonate. 

It was furthermore observed that, in the presence of a large excess of 
bromine, absorption of halogen by the compounds II, III, IV, and XVI is 
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rapid and apparently involves addition to the double bond Cy:Cy. The 
initial product is not stable; loss of hydrogen bromide and utilization of 
more than 1 mole of bromine occur even at — 50°, and at room temperature 
almost all the bromine taken up is removed as halogen ion in a two-phase 
system of chloroform and aqueous sodium bicarbonate. The instability 
of the bromo derivatives of the A®:™ series is in strong contrast to the 
properties of bromo derivatives from the A" compounds and furnishes 
evidence for the structure assigned with the double bond C95:Cy,. 

The preparation of steroids with the 3,9-epoxy structure provides 
additional evidence for the configuration of the bile acids. Further study 
of compounds in this series promises to yield contributions of both 
theoretical and practical importance. The use of the dibromo derivative 
(XII) as an intermediate for the preparation of steroids which have an 
atom of oxygen at Cy will be reported in subsequent papers. 


EXPERIMENTAL® 


All melting points were taken on the Fisher-Johns apparatus. 

3(a) ,12-Dihydroxy-A*:"-cholenic Acid (I) (1, 2) from 1V—846 mg. of 
methyl 3(a)-hydroxy-12-chloro-A*: '-cholenate (IV) were slowly added to 
a solution composed of 15 cc. of methanol, 5 cc. of water, and 5 ce. of 
18 n sodium hydroxide which was heated to 60° and stirred mechanically. 
The crystals of IV dissolved rapidly and after 15 minutes the methanol 
was removed under reduced pressure, the volume was made to about 75 ee. 
by addition of water, 20 cc. of benzene were added, and the solution was 
acidified with 20 ec. of 5 N sulfuric acid. 362 mg. of material which 
separated from the benzene were dissolved in a small volume of methanol 
and recrystallized by addition of benzene. The product melted at 149- 
150°, resolidified, and melted at 192-193°. Crystallized from acetone and 
placed on the block heated to 193° the compound melted at 195-196° and 
did not depress the melting point of 3(a) , 12-dihydroxy-A’: "'-cholenie acid. 
[a], = +104° + 2° (30.1 mg. in 3 cc. of methanol). The yield of | 
(CosH3s04-3CeHe) was 44 per cent of the theoretical amount. 

Methyl 3(a)-Hydroxy-12-methory-A®:"-cholenate (II) (1) from IV- 
Methy] 3(a@)-hydroxy-12-chloro-A*"-cholenate (IV) is converted to IT under 
the same conditions described for “II from VI.” 

II from V—100 mg. of methyl 3(a)-hydroxy-12-bromo-A’: ''-cholenate 
(V) were added to 4.0 ce. of methanol at 0° and the solution was allowed to 
stand in an ice bath 21 hours. Chipped ice was added; the crystals whieh 


’ Some of the compounds described in this paper were analyzed in the laboratory 
of Merck and Company, Inc., Rahway, New Jersey; the remainder was analyzed by 
Mr. William Saschek in the Department of Biochemistry of Columbia University, 
New York, 
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separated (83 mg.) melted at 156-157°. After recrystallization from 
methanol the product melted at 161-162° and did not depress the melting 
point of methy] 3(a)-hydroxy-12-methoxy-A’: "-cholenate. The hydrogen 
bromide in the water was 98 per cent of the theoretical amount. 

II from V—500 mg. of methyl 3(@)-hydroxy-12-bromo-A’: "-cholenate 
(V) which contained 0.5 mole of hydrogen bromide of crystallization 
were added to 20 cc. of methanol at 0°. 402 mg. (98 per cent of the 
theoretical amount) of material separated after addition of chipped ice. 
The melting point was 160-161° and there was no depression when the 
sample was melted after admixture with II. 98 per cent of the theoretical 
amount of hydrobromic acid was in the solution. 

II from VI—A solution of 435 mg. of methyl 3(@)-acetoxy-12-chloro- 
A’ "-cholenate (VI) in 1.5 cc. of benzene was cooled to 5°, diluted with 
5 ec. of methanol, and allowed to stand at 5° for 47 hours. Benzene was 
added, and the organic phase was washed with water, dried with sodium 
sulfate, and concentrated to dryness under reduced pressure. ‘The residue 
crystallized from methanol to give 160 mg. of product which melted at 
157-158°. An additional 158 mg. which melted at 158-159.5° were 
obtained by addition of water. After recrystallization from methanol the 
product melted at 160-162° and did not depress the melting point of methyl 
3(a)-hydroxy-12-methoxy-A*: "-cholenate. [a], = +131° + 2° (31.0 mg. 
in 3.00 ec. of methanol). 

II from X—3,9-Epoxy-A"-cholenic acid is converted to II under the 
conditions described in the following paragraph, since the carboxyl group 
is rapidly esterified in methanol with a trace of mineral acid. 

II from XI—773 mg. of methyl 3,9-epoxy-A"-cholenate (XI) were 
dissolved in 10 cc. of methanol, the solution was cooled to about 15°, and 
0.20 ce. of 5 N hydrochloric acid was added. After the solution had stood 
at room temperature 24 hours, it was seeded with II and diluted with a 
little water. The crystals which separated (712 mg.) melted at 159-160°. 
After recrystallization from methanol the product melted at 162-163° and 
did not depress the melting point of methyl 3(a)-hydroxy-12-methoxy- 
4’: "-cholenate (II). 

Methyl 3(a) ,12-Dihydroxy-A*:"-cholenate (III) (1, 2) from IV—845 
mg. of methyl 3(a@)-hydroxy-12-chloro-A*:"'-cholenate (IV), 50 cc. of 
acetone, 20 cc. of water, 290 mg. of silver carbonate, and 25 gm. of glass 
beads were placed in a glass-stoppered container and the mixture was 
rotated for 17 hours. The silver chloride which formed was 100 per cent 
of the theoretical amount. The filtrate was concentrated under reduced 
pressure to about 25 ec. and cooled in ice. The resulting crystals (788 
mg.) melted at 82-84°, and after two recrystallizations from methanol- 
water, the product (431 mg.), when placed on the melting point apparatus 
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at 95°, melted at 97-98°.6 When the product was mixed with a sample of 
III and heated as described, the melting point was not depressed. [a], 
= +99° + 2° (28.6 mg. in 3.00 cc. of methanol). 

ITI from V—2.34 gm. of methyl 3(a)-hydroxy-12 bromo-A*: "-cholenate 
(V) were treated as described under the preparation of III from IV, and 
the same molar ratio of materials was used. 1.62 gm. of crystals which 
melted at 82-85° were obtained. After recrystallization from ethy] acetate- 
ligroin and from methanol-water 792 mg. of product were obtained which, 
when placed on the melting point apparatus at 95°, melted at 97-98% and 
did not depress the melting point of HI. [a], = +97° + 2° (32.0 mg. in 
3.00 ec. of methanol). 

Methyl 3(a)-Hydroxy-12-chloro-A*: "-cholenate (IV) from II—A solution 
of 14.00 gm. of methyl 3(@)-hydroxy-12-methoxy-A*: "-cholenate (II) (1) 
in 100 ec. of dry, alcohol-free chloroform was cooled in an ice bath and 
saturated with dry hydrogen chloride over a period of 15 minutes. The 
solution was allowed to stand in the ice bath 30 minutes and was then 
concentrated under reduced pressure to about 25 ce. and diluted with 100 ce. 
of petroleum ether.’ The first crop of crystals (m.p. 120—-129°) weighed 
12.34 gm.; the second (m.p. 117—122°), 1.16 gm. The analytic sample, 
prepared by recrystallization from absolute ether-petroleum ether, melted 
at 119-124°. [a], = 149° + 2° (29.2 mg. in 3.00 cc. of chloroform). 


C.;H;,0;Cl. Calculated. C 70.98, H 9.29, Cl 8.38 
Found. “71.0, “3.47, “Ga 


IV from XI—1.40 gm. of methyl 3,9-epoxy-A"-cholenate (XI) in 10 
ec. of chloroform were treated in an ice bath with dry hydrogen chloride 
for 15 minutes. After 30 minutes the chloroform was concentrated under 
reduced pressure almost to dryness. Crystals (1.30 gm.) separated after 
addition of petroleum ether. The melting point was 122-124°. A second 
crop of 161 mg. melted at 120-126° The product did not depress the 
melting point of methyl 3(a@)-hydroxy-12-chloro-A*: "-cholenate which was 
prepared from IT. [a], = +151° + 2° (30.8 mg. in 3.00 ce. of chloroform). 

IV from XVI—447 mg. of methyl 3(a@)-hydroxy-12-acetoxy-A*" 
cholenate (XVI) (1) were dissolved in 10 cc. of chloroform, the solution was 
cooled to 0°, and 10 ec. of cold concentrated hydrochloric acid were added. 
The mixture was stirred mechanically for 1 hour at 0° and the chloroform 
phase was separated and washed with 10 ce. of concentrated hydrochloric 


* The methyl! esters III, IV, V, and VII were difficult to prepare in a form which 
had a constant and sharp melting point. Recrystallization frequently lowered the 
melting point. The size of the crystals, the rate of heating, and the temperature 
when the sample was placed on the heating block were important factors. 

? Throughout this paper petroleum ether will designate a commercial product, 


b.p. 40-60°. 
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acid. The chloroform solution was dried over sodium sulfate, diluted with 
ligroin,* and concentrated under reduced pressure. Three crops of crystals 
separated: 148 mg. which melted at 120-132°, 150 mg. which melted at 
120-138°, 18 mg. which melted at 119-123°. When the first two crops 
were combined and recrystallized from chloroform-ligroin, the product 
melted at 120-124° and did not depress the melting point of IV from II. 
lal, = +148° + 2° (30.9 mg. in 3.00 ce. of chloroform). 

Methyl 3(a)-Hydroxy-12-bromo-A*: "'-cholenate (V) from II—A solution 
of 12.56 gm. of methyl 3(a)-hydroxy-12-methoxy-A*: "-cholenate (II) (1) 
in 75 ec. of chloroform was chilled in an ice bath and a stream of dry 
hydrogen bromide was passed through the solution for 20 minutes. 100 ce. 
of ligroin were added. The solution was concentrated until it became 
turbid and was allowed to stand a few minutes. The first crop of crystals 
(m.p. 136.5-138°) weighed 5.35 gm. By further concentration of the 
solution successive crops of crystals were obtained: 0.94 gm., m.p. 135-137°; 
2.98 gm., m.p. 131-133°; 1.52 gm., m.p. 137—137.5°; 2.94 gm., m.p. 135- 
136°. Treatment of V with methanolic alkali yielded more than the 
theoretical amount of bromide ion and further investigation disclosed the 
fact that the first crop of crystals contained hydrogen bromide in the 
proportion of 2 moles of V with 1 mole of halogen acid. [a], = +205° + 2° 
(31.4 mg. of the first crop in 3.00 cc. of chloroform). The analytic 
sample was dried in a vacuum of 0.1 mm. for 6 hours at room temperature. 


C:+H;,0;Br-$HBr. Calculated. C 59.11, H 7.84, Br 23.60 
Found. ** §9.24, “ 7.69, “* 23.38 
** 59.21, “ 7.74 

Later crops of V sometimes separated without hydrogen bromide of 
crystallization. In one experiment the crystals melted at 137-—138°; 
however, recrystallization invariably yielded material which melted at a 
lower point and over a wider range. C2;HyO;Br, calculated, Br 17.1, 
found 16.8. [a], = +209° + 2° (29.9 mg. in 3 ec. of chloroform). 

V from IJI—600 mg. of III in 5 ce. of chloroform treated with hydrogen 
bromide as described in the preceding paragraph gave crystals which melted 
at 135.5-136.5° when placed on the block at 125° and did not depress the 
melting point of V which did not contain hydrobromic acid of erystalliza- 
tion. C2sH30;Br, calculated, Br 17.09, found 17.30. [a], = +213° + 2° 
(31.3 mg. in 3 ec. of chloroform). 

V from XI—Methyl 3,9-epoxy-A"-cholenate (XI) was converted to 
methyl 3(a)-hydroxy-12-bromo-A*:"-cholenate (V) with hydrobromic 
acid under the conditions described for the preparation of the corresponding 
C-chloro compound (IV) by treatment of XI with hydrochloric acid. 


* Throughout this paper ligroin will designate a commercial product, b.p. 70-90°. 
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Methyl 3(a)-Acetoxy-12-chloro-A°: "-cholenate (VI) from VIII—A solution 
of 4.61 gm. of methyl 3(a)-acetoxy-12-methoxy-A’: ''-cholenate (VIII) (1) 
in 50 ec. of dry, alcohol-free chloroform was cooled in an ice bath and 
saturated with dry hydrogen chloride over a period of 35 minutes. After an 
additional 25 minutes the solution was concentrated under reduced pressure 
toasmall volume. The residue, crystallized from petroleum ether, gave a 
92 per cent yield of crude product which melted at 130-135°. The analytic 
sample, which was prepared by crystallization from ethyl acetate-ligroin, 
melted at 137.5-138.5°. [a], = +154° + 2° (30.7 mg. in 3.00 cc. of chloro- 
form). 

Ce:HyO.Cl. Calculated. C 69.73, H 8.89, Cl 7.62 
Found. “ 69.62, “ 9.04, “ 7.40 

VI Recovered from Water-Chloroform Mixture—930 mg. of methyl 3(a)- 
acetoxy-12-chloro-A*: "-cholenate (VI), 290 mg. of silver carbonate, 20 
ec. of water, 20 ec. of chloroform, and 25 gm. of glass beads were placed 
in a glass-stoppered bottle and rotated for 15 hours. Only 4 per cent of 
the theoretical weight of silver chloride was formed. The chloroform was 
removed under reduced pressure and 700 mg. of material were recovered by 
addition of petroleum ether. The melting point was 135-i36° and the 
compound recovered did not depress the melting point of the starting 
material. [a], = +153° + 2° (29.8 mg. in 3 ce. of chloroform). A second 
crop of 108 mg., m.p. 133-134.5°, was obtained. 

Methyl 3(a)-Acetory-12-hydroxy-A°: "-cholenate (VII) from VI—Methyl 
3(a)-acetoxy-12-chloro-A®:"-cholenate (VI) (930 mg.) was dissolved in 
50 ec. of acetone, and 20 ce. of water, 1.10 gm. of silver carbonate, and 
38 gm. of glass beads were added. The mixture was rotated in a glass- 
stoppered container for 3 hours and was filtered. The silver chloride 
obtained was 98 per cent of the theoretical amount. The filtrate was 
concentrated under reduced pressure to about 10 cc. and the crystals 
which separated were removed and washed with acetone-water 1:1. After 
recrystallization from chloroform-ligroin, 803 mg. of material which melted 
at 100-102° were obtained. The melting point of the finely ground material 
was 92-95°.6 The compound was prepared several times, but the melting 
point was never sharp and frequently was spread over a wide range. [al, 
= +100° + 2° (29.8 mg. in 3.00 cc. of methanol). 

Methyl 3(a)-Acetory-12-keto-A®: "'-cholenate (IX) from VII—A solution 
of 446 mg. of methyl 3(a)-acetoxy-12-hydroxy-A®:"-cholenate (VII) 
in 10 cc. of acetic acid was mixed at room temperature with 1.66 ce. of 
1.88 x chromic acid in acetic acid. After 30 minutes benzene was added 
and the organic phase was washed with water, with a dilute solution o 
sodium bicarbonate, and finally with water. The benzene solution was 
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filtered through sodium sulfate and concentrated to dryness under reduced 
pressure. The residue crystallized from cold methanol to give 353 mg. of 
product which melted at 145-149°. After recrystallization from methanol 
the material melted at 148-149° and did not depress the melting point of 
methyl 3(a)-acetoxy-12-keto-A®: "-cholenate (1, 13, 14,17). [a], = +103° 
+ 2° (30.9 mg. in 3.00 ce. of chloroform). 

3,9-Epory-A"-cholenic Acid (X) from I—A solution of 20 ce. of 2 N 
hydrogen bromide in 80 per cent acetic acid-20 per cent water was added 
to 10.00 gm. of 3(a) ,12-dihydroxy-A*:"'-cholenic acid (I) (1, 2) dissolved 
in 250 cc. of glacial acetic acid at room temperature. After 6 minutes 
1 liter of chloroform was added and the chloroform solution was washed 
with water until free of acetic acid. The chloroform was removed under 
reduced pressure. The residue was dissolved in ethanol and poured into 
600 cc. of 1 N aqueous solution of sodium hydroxide. The solution was 
concentrated under reduced pressure until all of the ethanol had been 
removed and was then cooled in an ice bath. The crystals which formed 
were filtered and dissolved in water. The solution was acidified with 
acetic acid and extracted with chloroform. The chloroform solution was 
washed free from acetic acid with water and concentrated to dryness under 
reduced pressure. Crystallization of the residue from ethanol-water gave 
8.21 gm. (86 per cent) of crude material which melted at 151-155°. A 
sample purified by crystallization from methanol-water melted at 157-158°. 
la], = —57° + 2° (37.6 mg. in 3.76 cc. of methanol). The molecular 
weight was determined according to the Rast method (18). Theory, 373; 
found, 344. 


C.2,H;.0;. Calculated, C 77.38, H 9.74; found, C 77.23, H 9.76 


3,9-Epoxy-A"-cholenic Acid (X) Recovered Unchanged from Treatment 
with Acetic Anhydride and Pyridine—A sample of 3 ,9-epoxy-A"-cholenic 
acid (1.0 gm.) was dissolved in 6 cc. of pyridine and 6 cc. of acetic anhydride 
at room temperature. After 48 hours the addition of ice caused the 
separation of 967 mg. of crystals which melted at 155-156°. After recrystal- 
lization from dilute acetone the material melted at 157—158° and did not 
depress the melting point of 3,9-epoxy-A"-cholenic acid. [a], = —57° + 
2° (31.1 mg. in 3.00 ec. of methanol). 

Stability of 3 ,9-Epoxy-A"-cholenic Acid (X) in Methanol—[a], = —58° + 
2° (30.7 mg. in 3.00 cc. of methanol). The rotation remained constant for 
48 hours. 

Methyl 3 ,9-Epoxy-A"-cholenate (XI) from X—A sample of 3,9-epoxy- 
4"-cholenic acid was esterified with an excess of diazomethane in ether. 
The product, crystallized slowly from cold methanol and water, melted at 
53-54°, [a], = —59° + 2° (25.0 mg. in 4.00 cc. of chloroform). 
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CysHgs0;. Caiculated. C 77.67, H 9.91 
Found. ‘* 78.24, ** 10.21 
78.08, ** 10.26 


Stability of Methyl 3 ,9-Epory-A"-cholenate (XI) in Acetic Acid—a], = 
—63° + 2° (30.5 mg. in 3.00 cc. of acetic acid). The rotation remained 
constant for 48 hours. 

XI from IV—A solution of 845 mg. of methy] 3(a)-hydroxy-12-chloro- 
A’: "-cholenate (1V) in 10 cc. of chloroform was shaken with 0.5 gm. of 
sodium bicarbonate in 10 cc. of water for 21 hours. The halogen removed 
was 99 per cent of the theoretical amount. The chloroform solution wag 
washed with water, dried with sodium sulfate, and concentrated to dryness 
under reduced pressure. The residue crystallized from cold acetone-water 
to give 676 mg. of product which melted at 52.5-53.5° and did not depress 
the melting point of XI prepared from X. [a], = —59° + 2° (29.9 mg. in 
3 ec. of chloroform). 

XI from 1V—845 mg. of methyl 3(a)-hydroxy-12-chloro-A*: "-cholenate 
(IV) in 10 ce. of chloroform and 2 cc. of pyridine were boiled under a reflux 
for 2 hours, cooled to room temperature, diluted with chloroform, and 
washed with water, dilute sulfuric acid, and water. The aqueous washings 
contained 98.5 per cent of the theoretical amount of chloride ion. The 
chloroform solution was dried with sodium sulfate, the bulk of the solvent 
was removed under reduced pressure, and the last traces were displaced 
with acetone. The residue crystallized from cold acetone-water to give 
670 mg. of material which melted at 53-54° and did not depress the melting 
point of methyl 3,9-epoxy-A"-cholenate prepared from X with diazo- 
methane. [a], = —59° + 2° (31.6 mg. in 3 ce. of chloroform). 

XI from V—200 mg. of methyl 3(a)-hydroxy-12-bromo-A*: '-cholenate 
(V) (m.p. 137—138°) were dissolved in 10 ce. of chloroform and the solution 
was washed with water until the last washing did not contain bromide ion. 
Eight 10 cc. portions of water were used. The halogen in the aqueous 
phase was 98 per cent of the theoretical amount. The chloroform was 
removed under reduced pressure and the residue was crystallized from cold 
acetone-water. The product (76 mg.) melted at 52.5-53.5° and did not 
depress the melting point of methyl 3,9-epoxy-A"-cholenate which was 
made from X with diazomethane. [a], = —58° + 2° (31.7 mg. in 3 ee. of 
chloroform). 

XI from XII—16.4 gm. of methyl 3,9-epoxy-11 , 12-dibromocholanate 
(XII) were suspended in 200 cc. of methanol and heated almost to boiling. 
15.0 gm. of zinc dust were added in small portions over an interval of 5 
minutes. The solution was heated to boiling under a reflux for 40 minutes, 
the excess of zinc was filtered from the solution, and the methanol was 
removed under reduced pressure. The residue was distributed between 
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water and benzene and the organic phase was washed with water, dried 
with sodium sulfate, and concentrated under reduced pressure. The last 
traces of benzene were displaced with acetone. Addition of water to the 
acetone solution cooled in ice caused the separation of 9.33 gm. of material 
which melted at 51-52°. Further dilution with water yielded a second 
crop of 1.17 gm. which melted at 48-50°. [a], = —52° + 2° (100.4 mg. 
of Crop 1 made to 10 ce. in methanol); [a], = —59° + 2° (101.1 mg. made 
to 10 ce. in chloroform). 

XI from XIIJ—30.0 gm. of methyl 3 ,9-epoxy-11 , 12-dibromocholanate 
(XIII) were treated with 30.0 gm. of zinc dust in 350 cc. of methanol in the 
manner described under ‘“‘XI from XII.”’ Dilution of the ice-cold acetone 
solution with water gave four crops of crystals: 11.60 gm., m.p. 52-53°; 
5.92 gm., m.p. 53-54°; 1.73 gm., m.p. 53-54°; and 0.320 gm., m.p. 49-53°. 
la], = —58° + 2° (109.7 mg. of Crop 1 made to 10 cc. in chloroform). 

Methyl 3,9-Epoxy-11 ,12-dibromocholanate (XII) from XI—126 gm. of 
methyl 3(a@)-hydroxy-12-methoxy-A’:"-cholenate were converted to methyl 
3,9-epoxy-A''-cholenate (XI) with hydrochloric acid and pyridine as 
described under “IV from II” and “XT from IV.” Without isolation of the 
two intermediate products the crude compound in 300 ce. of dry, aleohol- 
free chloroform was cooled in a dry ice-acetone bath and added to a solution 
of 31 ec. of bromine in 360 cc. of chloroform (also cooled in a dry ice-acetone 
bath) in three portions at 1 minute intervals. The solutions were protected 
from moisture with calcium chloride tubes and after 30 minutes the excess 
bromine was removed by pouring the chloroform solution into 2 liters of 
water which contained 53 gm. of sodium bicarbonate and 53 gm. of sodium 
sulfite. The mixture was stirred for 30 minutes. The organic phase was 
separated, washed with water, and filtered through anhydrous sodium 
sulfate. Titration of the aqueous phase indicated. that 100.5 per cent of 
the theoretical amount of bromine had been consumed. The filtrate was 
concentrated under reduced pressure to 235 cc., the temperature was 
adjusted to 25°, and 750 ce. of methanol were added slowly while the flask 
was shaken. After 20 minutes the solution was filtered and the crystals 
were washed with methanol. 101.4 gm. of material which melted at 
142.5-143° were obtained. [a], = +45° + 2° (40.0 mg. in 4.00 ce. of 

chloroform). 


C2sH;,0;Brz2. Calculated, C 54.95, H 7.01; found, C 54.77, H 7.11 


XII Recovered from Excess Chromic Acid—546 mg. (0.0010 mole) of 
methyl 3 ,9-epoxy-11,12-dibromocholanate (XII) were dissolved in 10 ce. 
of chloroform and 12 ce. of acetic acid which contained 4 ec. of 1 N chromic 
acid. After 2 hours chloroform and water were added and the organic 
phase was washed with water, with dilute sodium carbonate solution, 
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and finally with water. The aqueous phase contained 2.7 cc. of 1 N chromic 
acid. The chloroform solution was dried and concentrated to dryness 
under reduced pressure. The residue crystallized from ether-methanol 
to give 336 mg. of material which melted at 138-141°. After recrystallizg- 
tion from ether-methanol the product melted at 142.5-143° and did not 
depress the melting point of XII. 

Methyl 3 ,9-Epoxry-11 ,12-dibromocholanate (XIII) from XI—15.8 gm. of 
material which crystallized from the mother liquor after separation of the 
dibromide (XII) (see “XII from XI”) melted at 115-120° and a final crop, 
after concentration of the solution (21.1 gm.), melted at 98-108°. After 
several recrystallizations of the combined crops from ether-methanol the 
product melted at 123-123.5°. [a], = +20° + 2° (31.1 mg. in 3.00 ce. of 
chloroform). 


C.;H;;0;Bre. Calculated, C 54.95, H 7.01; found, C 55.11, H 7.16 


3,9-11,12-Diepoxycholanic Acid (XIV) from X—2.88 cc. of 0.80 n 
perbenzoic acid (1.15 moles) in chloroform were added to 370 mg. of 3,9- 
epoxy-A"-cholenic acid (X) in 2 ce. of chloroform at 0°. After 24 hours at 
5° 96 per cent of 1 mole of perbenzoic acid had been consumed. The 
chloroform solution was washed with a dilute solution of potassium iodide 
and sodium thiosulfate, and then with water. The solvent was removed 
under reduced pressure and the residue was separated in two crops from 
ether-ligroin. 208 mg. melted at 173-174°; 26 mg. melted at 165-168°. 
A sample purified by crystallization from ether-ligroin melted at 177-177.5°. 
fal,» = +23° + 2° (30.7 mg. in 3.00 cc. of methanol); [a], = +14° + 2 
(32.2 mg. in 3.00 ec. of chloroform). 

CaHy0,. Calculated, C 74.19, H 9.34 
Found. ** 74.52, ** 9.36 
74.57, ** 9.48 


For comparison with the epimeric 11,12-epoxide see ‘“X XVII from 
XXVI.” 

Methyl 3,9-11,12-Diepoxycholanate (XV) from XIV—220 mg. of 3,9 
11 ,12-diepoxycholanic acid (XIV) were esterified with a solution of diazo- 
methane in ether. The ester which crystallized from dilute methanol 
weighed 203 mg. and melted at 92.5-93.5°. [a], = +16° + 2° (30.4 mg. in 
3.00 ec. of chloroform). 


C2;H3s0,. Calculated, C 74.59, H 9.51; found, C 74.68, H 9.60 


For comparison with the methyl ester of the epimeric 11, 12-epoxide 
see “XXVIIT from XXVIII.” 

Methyl 3(a)-Hydroxy-12-acetory-A®: ™-cholenate (XV1) (1) from XI—T72 
mg. of methyl 3,9-epoxy-A"-cholenate (XI) were dissolved in 20 ce. of 
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acetic acid and 0.66 ce. of 5 N aqueous sulfuric acid was added at room 
temperature. After 2 hours the reaction mixture was distributed between 
water and benzene and the organic phase was washed with water, with 
dilute sodium carbonate solution, and finally with water. The solvent 
was removed under reduced pressure and the residue was crystallized from 
ligroin to give 308 mg. of material which melted at 107—108° and did not 
depress the melting point of XVI prepared from II (1). [a], = + 195° 
+ 2° (30.0 mg. in 3 ce. of chloroform). 

3(a)-Hydrory-A*:"'-cholenic Acid (XVII) from X—7.44 gm. of 3,9- 
epoxy-A''-cholenic acid (X) in 75 cc. of acetic acid were reduced with 
hydrogen in the presence of 100 mg. of Adams’ platinum oxide catalyst. 
After 10 minutes 101 per cent and after 16 minutes 110 per cent of 1 molar 
equivalent of hydrogen had been utilized. The platinum was filtered from 
solution and 100 cc. of water were added to the acetic acid solution. The 
product which separated (7.29 gm.) was washed with 50 per cent acetic 
acid, dried, and dissolved in 200 cc. of a hot 1:1 mixture of acetone and 
benzene. 5.64 gm. of crystalline material separated after the solution 
had stood at 5° for several hours. The melting point was 187.5-188.5°. 
lalp = +45° + 2° (30.6 mg. in 3 cc. of methanol). 

The cholenic acid XVII has been repeatedly studied. It has been 
encountered as the reduction product of II, III, XI, and XVI. Prepared 
from II, 


CaH3s0;. Calculated. C 76.94, H 10.23 
Found. “* 76.93, ** 10.54 
“ee, wae 


Five derivatives of XVII have been made: lithocholic acid and its methyl 
ester and compounds XVIII, XIX, and XX, which are described in the 
following paragraphs. The methyl ester XVIII was hydrolyzed to give 
XVII which melted at 190-191° (13, 14). 

Lithocholic Acid and Me'hyl Lithocholate from 3(a)-Hydrory-A*: "- 
cholenic Acid (X VII)—500 mg. of 3(a)-hydroxy-A?: "'-cholenic acid (XVII) 
in 20 ec. of glacial acetic acid were shaken in an atmosphere of hydrogen 
with 100 mg. of Adams’ platinum oxide catalyst for 18 hours. The 
platinum was filtered off. 100 mg. of fresh catalyst were added and the 
reduction was continued for 6.5 hours. The platinum was once more re- 
placed with 100 mg. of fresh catalyst and the reduction was continued for 14 
hours. The platinum was filtered from solution. The filtrate, diluted with 
water, gave 480 mg. of material which melted at 174-178°. Two recrystal- 
izations yielded 247 mg. of crystals which melted at 185-187°. The acid 
Was esterified with diazomethane; 202 mg. of ester were obtained by 
crystallization from ligroin. After several crystallizations from dilute 
methanol the ester melted at 128-129° and did not depress the melting 
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point of methyl lithocholate (12, 15, 16). [a], = +35° + 2° (25.7 mg. in 
3.00 cc. of methanol). 
CysHyO;. Calculated, C 76.87, H 10.84; found, C 77.01, H 11.26 
Methyl 3(a)-Hydrozy-A*:"'-cholenate (XVIII) from XVII—422 mg. 
of 3(a)-hydroxy-A*:"-cholenic acid (XVII) were esterified with an ether 
solution of diazomethane. The ester which crystallized from methanol and 
water (404 mg.) melted at 102-103°. After recrystallization from methanol 


TABLE I 








| Per cent of 1 mole 
of H. 








Experiment No. | Lithocholic acid | Ethylmorpholine | Time ‘ 

| —— 

| mi mM | 
l 0 0 | 2 hrs., 35 min. 15 
2* 0 | 0 | 57 | 10 
3t | 0 | 0 lhr., 48 “ | 5 
4 0 1.0 } « 0 
5 1.0 0 | 12 hrs. 91 
6 0.5 0 22 ** 15 min. 98 
7 | 1.0 | 10 8| 4* | 2 
8 1.0 1.0 2 * 50min. | 0 
9 0 0 | abr, 53 | 9 
OAt 0 | 0 | 15 hrs. 105 
10§ 0 0 | ihr., 23min. | 0 


10Al) | 0.5 | 0 69 hrs.,30 “| 83 


* Absolute alcohol free of aldehyde. 

t 85 per cent ethanol free of aldehyde. 

t1 cc. of acetic acid was added to Experiment 9 and the reduction was continued 
(Experiment 9A). 

§ PtO, was reduced in 20 cc. of absolute ethanol. 386 mg. of XI were then added. 

|| After 1 hour, 23 minutes, during which the ester XI was not reduced, 05 
equivalent of lithocholic acid was added. 


the melting point was 105-105.5°. The melt recrystallized on the cover- 
glass when scratched and melted again at 112-113°. When the melted 
sample was allowed to cool to 108° and was scratched, the crystals which 
formed melted at 112-113°. When the sample was allowed to cool to less 
than 100° and was then scratched, the crystals which formed melted at 
105-105.5° (14). [a], = +46° + 2° (29.7 mg. in 3.00 ec. of methanol). 


CosHyoO;. Calculated, C 77.27, H 10.38; found, C 77.48, H 10.42 
Catalytic Reduction of Methyl 3,9-Epoxy-A"-cholenate (XI)—In the 


following experiments 0.0010 mole (386 mg.) of XI was dissolved in approx: 
mately 20 cc. of 95 per cent ethanol, aldehyde-free, in an all-glass container 
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which permitted vigorous agitation. Basic and acidic mediums were 
provided by the addition of ethylmorpholine, acetic acid, or lithocholic 
acid in the amounts indicated in Table I. The time required for the 
reduction is recorded in the next to the last column. In each experiment 
of less than 3 hours duration, the uptake of hydrogen had stopped at least 
15 minutes before the experiment was terminated. 

Catalytic Reduction of 3 ,9-Epoxy-A"-cholenic Acid (X)—Under conditions 
identical with those described under catalytic reduction of XI in the 
preceding paragraph the epoxy acid X was treated in 95 per cent ethanol, 
aldehyde-free. The results are shown in Table II. 

Methyl 3(a)-Hydrozy-A°:™-cholenate (XVIII) from XI—3.86 gm. of 
methyl 3 ,9-epoxy-A''-cholenate were reduced with hydrogen and 200 mg. of 
Adams’ platinum oxide in a solution of 50 cc. of ethanol which contained 
lec. of acetic acid (see Table I). 102 per cent of the theoretical amount 


TABLE II 
Effect of Ethylmorpholine on Utilization of Hydrogen 





Experiment No. | Ethylmorpholine Time | Per cent of 1 mole of Hs 
mM | 
: 
1 0 | 4hrs., 6 min. 86 
2 2.0 = = 0 
3* 1.0 gg >. 87 


* Instead of compound X, methyl 3(@)-hydroxy-A"-cholenate (12, 19) was used 
to show that ethylmorpholine did not poison the platinum catalyst and did not pre- 
vent absorption of hydrogen by the double bond Cy,:Cis. 





of hydrogen was absorbed in 7 minutes. After removal of the platinum 
lal, = +44° + 2° (a2 = +2.9°; volume 59 cc.) for the reduced material. 
lal, of XVII = +46° + 2° (30.1 mg. in 3 ce. of ethanol which contained 
2 per cent of acetic acid). 

Methyl 3(a)-Acetoxy-A*: "'-cholenate (XIX) from XVIII—The acetoxy] 
derivative of XVIII is more easily purified than is the 3(a)-hydroxy com- 
pound and for separation of the reduced material obtained in the preceding 
paragraph the product was acetylated. The solvents were removed under 
reduced pressure and the last traces were displaced with a small amount 
of acetic anhydride which was also removed. The residue was dissolved 
in 5 cc. of acetic anhydride and 5 cc. of pyridine at room temperature. 
After 18 hours benzene was added and the organic phase was washed with 
dilute hydrochloric acid and with water. The benzene was removed under 
reduced pressure and the residue was dissolved in 100 ce. of boiling methanol. 
After the solution was cooled in ice, 3.46 gm. of crystals were separated, m.p. 
135-136°. Recrystallization gave 3.1 gm. of material which melted at 
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136.6-137°. When a sample was mixed with a sample of methyl] 3(q). 
acetoxy-A’: "'-cholenate, the melting point was 136.6-137.5° (14), [al, 
= +56° + 2° (100.9 mg. in acetone; total volume 10 cc.). 

Methyl 3(a)-Acetory-A*®:™-cholenate (XIX) (14) from XVII—5.0 gm. 
of 3(a)-hydroxy-A®:"-cholenic acid (XVII) were dissolved in 250 ce, of 
0.5 N methanolic hydrogen chloride. After 18 hours at room temperature 
the solvent was removed under reduced pressure, the residue was dissolved 
in benzene, and the solution was washed with water. The benzene was 
removed under reduced pressure and the residue was dissolved in 10 ¢e. 
of benzene, 25 cc. of pyridine, and 25 cc. of acetic anhydride at room 
temperature. After 18 hours benzene was added and the organic phase was 
washed with water, with dilute hydrochloric acid, with a dilute sodium 
bicarbonate solution, and finally with water. The solvent was removed 
under reduced pressure and the residue, crystallized from acetone, gave 
4.93 gm. of material which melted at 135-136°. After recrystallization 
from methanol the product melted at 136.5-137.5°. [a], = +57° + 2 
(20.0 mg. in 4.00 cc. of chloroform). 


C2;7HwO,. Calculated, C 75.30, H 9.83; found, C 75.24, H 9.70 


3(a)-Hydrozy-9 ,11-epoxycholanic Acid (XX) from XVII—2.77 gm. 
of 3(a)-hydroxy-A*"'-cholenic acid (XVII) were added to 116 ce. of chloro- 
form which contained 1.43 molar equivalents of perbenzoic acid. After 
14 hours at 5° the perbenzoic acid consumed was 78 per cent of the theoreti- 
cal amount. The solution was washed with a dilute solution of potassium 
iodide and sodium thiosulfate, and with water. The chloroform was 
evaporated to dryness under reduced pressure. After two recrystalliza- 
tions from dilute methanol the product (819 mg.) melted at 165-167°. 
After repeated recrystallizations from benzene, a product was obtained 
which melted at 199.5-200.5°. [a], = +36° + 2° (32.9 mg. in 3.00 ce. of 
methanol). 


CogH 50x. Calculated. C 73,81, H 9.81 
Found. *¢ 74.33, ** 9.88 
74.27, ** 10.11 


7 


Methyl 3,12-Diketo-A®"-cholenate (XXI) from X—1.0 gm. of 3,% 
epoxy-A"-cholenic acid (X) in 5 cc. of chloroform and 5 cc. of acetic acid 
was treated with 12 cc. of 2 N chromic acid for 30 minutes in an ice bath 
and for 5 hours at room temperature. Chloroform was added and the 
organic phase was washed with water and concentrated to a dry residue 
under reduced pressure. The material was treated with diazomethane in 
ether and the solution was washed with dilute hydrochloric acid and with 
water. The ether was removed under reduced pressure and the residue was 
dissolved in 100 cc. of a mixture of benzene-petroleum ether (2:1) and 
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fractionated on a column of 30 gm. of aluminum oxide. Elution of frac- 
tions with mixtures of benzene and petroleum ether and later with benzene 
removed 392 mg., which were not identified. Further elution with benzene 
and with benzene which contained 0.10 per cent methanol removed 370 mg. 
of material from which 93 mg. were separated by crystallization from 
ligroin. The product melted at 128-129.5° and did not depress the melting 
point of methyl] 3, 12-diketo-A* "-cholenate (1, 2, 14). [a], = +63° + 2° 
(27.5 mg. in 4 ec. of chloroform). For XXI from II see Paper III of this 
series (1). 

Methyl 3-Keto-12-hydroxy-A®:"-cholenate (XXIII) from XXII—3.73 
gm. of 3-keto-12-hydroxy-A*: "-cholenic acid (XXII) (1) were esterified 
with a solution of diazomethane in ether which contained a few drops of 
methanol. The cther solution was washed with dilute acetic acid, with 
dilute potassium hydroxide solution, and with water. The ether was 
removed under reduced pressure and the residue was crystallized from 
ligroin. 3.5 gm. of material melted at 157-159°; 0.60 gm. melted at 
134-157°. After several recrystallizations from benzene-petroleum ether 
the ester melted at 161-161.5°. [a], = +70° + 2° (31.6 mg. in 3.00 ce. 
of chloroform). 

C2;H3sO,. Calculated, C 74.59, H 9.51; found, C 74.40, H 9.21 


XXIII from X X1V—465 mg. of methyl 3-keto-12-bromo-A*: "'-cholenate 
(XXIV) in 20 ce. of acetone were diluted with 20 cc. of 0.1 N aqueous 
solution of silver nitrate at room temperature. After 2 hours the silver 
bromide which separated (99 per cent of the theoretical amount) was 
removed by filtration and the acetone was removed under reduced pressure. 
The water-insoluble residue was dissolved in benzene, the organic phase 
was washed with water, and the solvent was removed under reduced 
pressure. Addition of a small volume of ligroin gave 365 mg. (90.5 per 
cent) of crystals which melted at 156.6-157.5° and did not depress the 
melting point of methyl 3-keto-12-hydroxy-A*®:"-cholenate (1). [a], = 
+70° + 2° (30.1 mg. in 3 ce. of chloroform). 

Methyl 3-K eto-12-bromo-A*: ™-cholenate (XXIV) from XXIII—A stream 
of dry hydrogen bromide was passed into an ice-cold solution of 604 mg. 
of methyl 3-keto-12-hydroxy-A*: "-cholenate (XXIII) in 25 ce. of dry, 
alcohol-free chloroform during 15 minutes. After an additional 15 minutes, 
the chloroform solution was washed with water, dried with sodium sulfate, 
and concentrated under reduced pressure almost to dryness. On addition 
of a small volume of ligroin 513 mg. of crystals formed which melted at 
137-138°. [a], = +182° + 2° (31.9 mg. in 3.00 ce. of chloroform). The 
compound decomposed on long standing at room temperature. For analy- 
sis see the following paragraph. 
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XXIV from XXV—Dry hydrogen bromide was passed into an ice-cold 
solution of 402 mg. of methyl 3-keto-12-methoxy-A*: "-cholenate (XXYV) 
(1) in 50 ce. of chloroform for about 20 minutes. The solution was concen- 
trated under reduced pressure to a small volume and diluted with petroleum 
ether. 370 mg. of material separated which melted at 129-132°; 20 mg. 
melted at 132.5-134°. Repeated recrystallization from benzene-petroleum 
ether gave needles which melted at 136-137°. [a], = +182° + 2° (31.9 
mg. in 3.00 cc. of chloroform). 


CxHyO.Br. Calculated, C 64.50, H 8.01; found, C 64.60, H 8.09 


XXIV Recovered from Methanol after Heating at Boiling Point—200 mg. 
of methyl 3-keto-12-bromo-A*:"-cholenate (XXIV) were dissolved in 
10 cc. of boiling methanol and the solution was refluxed for 1 minute. 
The solvent was removed under reduced pressure and the residue was 
crystallized from ice-cold petroleum ether. 109 mg. of material melted 
at 127-129°. After two recrystallizations from ether-petroleum ether the 
product (52 mg.) melted at 135-136° and did not depress the melting point 
of methyl 3-keto-12-bromo-A’: "'-cholenate. [a], = +183° + 2° (30.2 mg. 
in 3.00 cc. of chloroform). 

Although XXIV is stable for a short interval at the boiling point of 
methanol, the bromine is slowly replaced with methoxyl even at 0°. 40 
per cent of the bromine was found as hydrobromic acid 23 hours after 
XXIV was dissolved in methanol and held at 0°. 

XXIV Recovered from Hot Water-Chloroform—15 cc. of water and 15 ce. 
of chloroform which contained 150 mg. of methyl 3-keto-12-bromo-A®: "- 
cholenate (XXIV) were heated to boiling under a reflux for 1 hour. The 
aqueous phase gave only a slight turbidity with silver nitrate. 

Methyl 3-Keto-12-methory-A*: "-cholenate (XXV) from XXIV—200 mg. 
of methyl 3-keto-12-bromo-A*: "-cholenate (XXIV) were dissolved in a 
solution of 170 mg. of silver nitrate in 20 cc. of methanol at room temper- 
ature. After 30 minutes, the silver bromide (80 mg., which was 99 per 
cent of the theoretical amount) was removed and the methanol solution 
was concentrated to a small volume in an air current and diluted with 
water. Crystals formed slowly. After recrystallization from dilute 
methanol the product (50 mg.) melted at 97-98° and did not depress the 
melting point of methyl 3-keto-12-methoxy-A*: "-cholenate (1). 

Methyl 3,9-Epoxy-11-acetoxy-12-bromocholanate (XXVI)° from XII— 
197 gm. of methyl 3 ,9-epoxy-11, 12-dibromocholanate (XII) and 90 gm. of 
sodium acetate were dissolved in 3 liters of glacial acetic acid and the 
solution was refluxed for 3 hours. The solvent was removed under reduced 





























* The reason for the formulation with the acetoxyl group at Cy will be presented 
in Paper V of this series. 
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pressure and the residue was distributed between benzene and water. The 
organic phase was washed with water, with a sodium bicarbonate solution, 
and again with water, and was dried with sodium sulfate. The aqueous 
phase contained the theoretical amount of bromide ion for 1 equiva- 
lent. The benzene was concentrated under reduced pressure to a 
small volume and the remaining solvent was displaced with acetone. 
The residue was crystallized from acetone-water and gave 159 gm. of 
material which melted at 133.5-134°, and 12.5 gm. which melted at 
131.5-132.5°. [a], = +17° + 2° (20.0 mg. in 4.00 cc. of chloroform). 


C:7HwOsBr. Calculated, C 61.70, H 7.86; found, C 61.83, H 7.98 


3,9-11,12-Dieporycholanic Acid (XXVII) from XXVI—171.5 gm. of 
methyl! 3,9-epoxy-11l-acetoxy-12-bromocholanate (XXVI) were added to 
3250 cc. of 1 N methanolic sodium hydroxide and the solution was boiled 
under a reflux for 3 hours. The methanol was removed under reduced 
pressure until crystals formed. About 3 liters of water were added and 
the solution was concentrated until crystals formed. About 2.5 liters of 
benzene were added, and the solution was acidified with acetic acid and 
separated into two phases. The aqueous phase was extracted with benzene. 
The combined benzene extracts were washed with water, dried with sodium 
sulfate, and concentrated under reduced pressure to a small volume. The 
residue, crystallized from acetone, gave 100.0 gm. of material which melted 
at 181-182°. Two additional crops were obtained (18.4 gm., m.p. 180- 
181°; 6.7 gm., m.p. 179-180°) by dilution of the filtrate with water, to 
bring the total yield to 99 per cent of the theoretical amount. [a], = +14° 
+ 2° (20.0 mg. in 4 cc. of chloroform). 


CosHgsO,. Calculated, C 74.19, H 9.34; found, C 74.48, H 9.20 


The melting point of a mixture of XX VII and its epimer XIV was depressed 
to 170-173°. 

Methyl 3 ,9-11 ,12-Diepoxycholanate (XXVIII) from XXVII—388 mg. 
of 3,9-11,12-diepoxycholanic acid (XX VII) were esterified with diazo- 
methane in ether. The ester, crystallized from methanol-water, weighed 
350 mg., and melted at 80-81°. [a], = +16° + 2° (31.9 mg. in 3.00 ce. 
of chloroform). 


CosH3s0,. Calculated, C 74.59, H 9.51; found, C 74.75, H 9.33 


Contrary to the effect on the melting point when the epimeric acids 
XIV and XXVII were mixed, the melting point of XXVIII when mixed 
with XV was not depressed. 

3 ,9-Epoxy-11,12-dihydroxycholanic Acid (M.p. 240°) (XXIX) from 
XXVII—62 gm. of 3,9-11,12-diepoxycholanic acid (XXVII) were 
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dissolved in 1240 cc. of glacial acetic acid which was 0.01 N with sulfuric 
acid. After 85 minutes at room temperature 2 gm. of sodium acetate were 
added and the solvent was removed under reduced pressure. The residue 
was distributed between benzene and water and the organic phase was 
washed with water to remove the acetic acid. The bulk of the benzene 
was removed under reduced pressure and the remainder was displaced 
with methanol. The residue was dissolved in 300 cc. of methanol, 760 ce. 
of 2.5 N aqueous solution of sodium hydroxide were added, and the solution 
was refluxed for 15 hours. The solution was concentrated under reduced 
pressure to about 500 cc. to remove the methanol. About 2.5 liters of 
water and 500 ec. of benzene were added, and while being stirred mechani- 
cally the solution was acidified with 130 ce. of acetic acid. The crystals 
which formed were collected and washed with water and benzene. 27.55 
gm. of material (42.5 per cent) which melted at 229-232° were obtained. 
A sample prepared by recrystallization from acetone-water melted at 
239-240°. [al], = +59° + 2° (33.5 mg. in 4.00 cc. of methanol). 


CyuHysOs. Calculated, C 70.90, H 9.42; found, C 70.84, H 9.40 


Methyl 3,9-Epoxy-11,12-dihydrorycholanate (XXX) from XXIX— 
406 mg. of 3,9-epoxy-11,12-dihydroxycholanic acid (X XIX) were esteri 
fied with a solution of diazomethane in ether and the ester was crystallized 
from methanol-water. 400 mg. which melted at 104-105° were obtained. 
[a], = +59° + 2° (31.5 mg. in 3.00.cc. of methanol). 


CysHyoOs. Calculated, C 71.39, H 9.59; found, C 71.34, H 9.76 


3,9-Epoxry-11,12-dihydroxycholanic Acid (M.p. 149°) (XXXI) from 
XXVI1I—Separation of the glycol (m.p. 149°) was accomplished by con- 
centration of the benzene solution described under “XXIX from XXVII” 
from which 27.55 gm. of glycol XXIX had been separated. Petroleum 
ether was added to the benzene solution at a volume of 80 cc. 26.65 gm. 
(41 per cent) of material which melted at 143-145° were obtained. Re- 
crystallization from ethyl acetate-petroleum ether raised the melting point 
to 149-149.5°. [a], = +49° + 2° (32.2 mg. in 3.00 ec. of methanol). 


Co,H;,0;. Calculated, C 70.90, H 9.42; found, C 70.58, H 9.13 


3, 9-Epoxy-11 ,12-diketocholanic Acid (XXXII) from XXIX—149.0 ce. 
of 1.88 n chromic acid in 95 per cent acetic acid were added dropwise over 
a period of 45 minutes to 27.2 gm. of 3,9-epoxy-11, 12-dihydroxycholanic 
acid (XXIX) in 1500 ce. of acetic acid. The solution was maintained at 
18-20° and stirred for about 3.5 hours. A slight excess of sodium sulfite 
was added and the solvent was removed under reduced pressure. The 
residue was distributed between benzene and water and the benzene solu- 
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tion Was washed with water, filtered through sodium sulfate, and concentra- 
ted to dryness under reduced pressure. The residue crystallized from 
dilute methanol to give 14.4 gm. of product which melted at 168-170°. 
The 14.4 gm. of acid were reoxidized in a similar manner in 337 cc. of acetic 
acid with 19 ec. of 1.88 N chromic acid in 95 per cent acetic acid. After 
crystallization from methanol-water the product (11.03 gm.) melted at 
191-193°. The 11.03 gm. of acid were again oxidized in 260 cc. of acetic 
acid with 14.6 cc. of 1.88 N chromic acid in 95 per cent acetic acid. 9.44 
gm. of crystalline material which melted at 203-204.5° were obtained.” 
When the mother liquors were combined and reoxidized, the over-all yield 
was raised to 41 per cent. After several recrystallizations from methanol- 
water the compound melted at 204.5-205°. [a], = +189° + 2° (31.8 mg. 
in 3.00 ec. of methanol). 


CoH;,0O5. Calculated, C 71.61, H 8.51; found, C 71.59, H 8.54 


XXXII from XXXI—2.9 gm. of 3,9-epoxy-11 , 12-dihydroxycholanic 
acid (XX XI) were oxidized in a manner similar to that described under 
“XXXII from XXIX.” 0.56 gm. (27 per cent yield) of product was 
obtained. The product melted at 203.5-204° and did not depress the melt- 
ing point of 3 ,9-epoxy-11, 12-diketocholanic acid which was prepared from 
the higher melting glycol (X XIX). [a], = +184° + 2° (30.4 mg. in 3.00 
ec. of methanol). 

Methyl 3,9-Epoxy-11,12-diketocholanate (XXXIII) from XXXII— 
403 mg. of 3,9-epoxy-11,12-diketocholanic acid (XXXII) were esterified 
with a solution of diazomethane in ether; 370 mg. of ester were crystallized 
from methanol-water. The analytic sample melted at 115-115.5° and was 
pale yellow. [a], = +184° + 2° (30.2 mg. in 3.00 cc. of methanol). 


CosH Os. Calculated, C 72.08, H 8.71; found, C 71.72, H 8.45 


Effect of Bromine on Derivatives of Methyl A*™-Cholenate and Methyl 
A"-Cholenate—The compounds were dissolved in chloroform at —50°. 
The volume varied between 20 and 40 cc., depending on the weight of 
material. An excess of powdered zinc acetate was added and the chloro- 
form solution was stirred mechanically. 2 molar equivalents of bromine 
dissolved in chloroform and cooled to —50° were added in one portion. 
Utilization of bromine was followed by titration of the unused halogen at 
intervals for 30 minutes. Alcohol saturated with sulfur dioxide was added 
to reduce the remaining bromine. The chloroform solution was washed 
with water and then placed in a glass-stoppered container with an equal 
volume of sodium bicarbonate solution. The mixture was rotated for 


0 It was found that the most satisfactory way to purify the diketone was through 
repeated oxidations. 








594 STEROIDS FROM BILE ACIDS. IV 


about 18 hours and the halogen in the aqueous phase was determined. 
Table III shows the bromine absorbed, the total halogen ion, which is the 
sum of the amount in the water and that removed by the sodium bicarbon- 
ate solution, and the possible yield of a dibromo compound expressed in 
percentage. The position of the double bond is known in the two com- 
pounds with a ketone group at Cy; the absorption spectrum with a maxi- 
mum at 240 my shows the presence of an a,§-unsaturated ketone. It is in- 
teresting to note that treatment of these compounds with the double bond 





























Taste III 
Addition of Bromine to Derivatives of Methyl A''- and of A*- "'-Cholenate 
Bro- Bro- Bro- 3 a 
Amount) Bro- | mine | mine mide | ganic | yield 
Compound Caggeyes of —_ — —— utilized) ion in | ro- | for di- 
. pound | a »| after after j@queous| mide, | brome 
used 1.0N | 3 min., |30 min.,) phase, 1.0 6 | com- 
1.0 N On | 1.0 N pound 
mM ce. ce. cc. ce. cc. pan 
Methyl A"™-cho-) 3(a)-Hy- (11,19) | 2.5; 10.2] 5.1) 5.4] 5.8] 4.4 | 8&8 
lenate droxy 
3,9-Epoxy XI 2.5; 10.2} 2.9} 5.0} 5.3] 4.9 | 98 
Methyl 3(a)- C=O (1,14) | 10.0 | 40.0} 0.5] 1.5 | 39.0)1.0) 5 
hydroxy-A*!-| C=Of IX | 10.0 | 39.3 0.3 0.8 | 38.4 | 0.9 5 
cholenate; CH, XVIII 5.0 | 19.5 | 17.7 | 18.2 | 15.6 | 3.9 | 39 
substituent CHOH Ill 2.5/10.0; 6.9| 6.9| 9.6/0.4] 8 
at Ci CHOCH, II | 10.0 | 40.0 | 22.5 22.5 | 38.4 | 1.6 8 
CHOAc XVI 2.6} 10.1 | 2.7 2.7} 9.5 | 0.6 | 12 
CHCl IV 2.0} 8.0) 3.0 §.0| 9.3) 0.7 | 12 


























* The figures in parentheses denote bibliographic references. 

t 3(a)-Acetoxy. 

t Although the indicated yield of a dibromo derivative is 39 per cent, the high 
utilization of bromine (91 per cent of 2 moles) shows that bromine caused a deep 
seated change and did not form a stable dibromo addition product. 












known to be Cy:Cu simulates the treatment with bromine of the other 
compounds in the series. 

In addition to the determination of the halogen removed by aqueous 
bicarbonate, the chloroform was removed and the residue was dissolved 
in methanol. All derivatives of A®: "-cholenic acid rapidly decomposed to 
give brown tarry products. The two derivatives of A'-cholenic acid gave | 
crystalline dibromo addition products which were stable under the condi- 
tions of the experiment. 


SUMMARY 


1. Derivatives of 3(a)-hydroxy-A*:"-cholenic acid with Cy-hydroxyl, 
methoxy], or acetoxy] groups are readily converted into C,:-halo compounds 














22a oe 


th 

be 

do 
ha! 
3(c 
tra 
Th 
and 

4 

hav 
witl 
glyc 
11,] 
5. 
grou 
of he 

6. 
and | 

7. 
positi 
absor 
a mix 
doubl 
which 
8. ¢ 
epoxy- 
B have 
is a; th 
Forma 
figurat 


1. Turr 

J. 
2. Sare 
3. You 
4. Stua 
5. Wind 


hr 


yl, 
ids 





MATTOX, TURNER, ENGEL, MCKENZIE, MCGUCKIN, KENDALL 595 


by treatment with halogen acid. These compounds exhibit the usual 
properties of allylic halides. In strong sodium hydroxide and in aqueous 
solution of acetone in the presence of silver salts the halogen at Ci: is 
replaced to give the 3(a) ,12-dihydroxy compound. 

2. In anhydrous non-polar solvents the halogen at Cy is stable but in 
the presence of water or pyridine halogen acid is removed and a six-mem- 
bered cyclic ether between carbons 3 and 9 is formed, with a shift of the 
double bond to Cy: Cw. 

3. Halogen acid opens the 3,9-epoxide to give the 3(a)-hydroxy-12- 
halo-A*:'! compounds; with methanol and a trace of mineral acid the 
3(a)-hydroxy-12-methoxy-A*: " structure is obtained, and in acetic acid a 
trace of mineral acid gives the 3(a@)-hydroxy-12-acetoxy-A®: " compound. 
The presence of the double bond Cy,:C: is shown by formation of an oxide 
and dibromo derivatives. 

4. From methyl 3,9-epoxy-A"-cholenate two epimeric 11,12-oxides 
have been prepared. One of these oxides is easily opened in acetic acid 
with a trace of mineral acid to give two of the four possible 3 ,9-epoxy-11 , 12- 
glycols. With chromic acid both of these glycols give the 3 ,9-epoxy- 
11,12-diketone. 

5. Derivatives of A® "-cholenic acid with halogen at Cy: and an acyloxy] 
group or a ketone at C; do not form the 3,9-epoxy structure. Removal 
of halogen acid results in formation of a diene. 

6. Catalytic reduction of 3,9-epoxy-A"-cholenic acid with hydrogen 
and platinum gives 3(a)-hydroxy-A*: "-cholenic acid. 

7. Treatment of this series of compounds with bromine indicates the 
position of the double bond. Compounds with double bonds Cs:Cy 
absorb 1 or more moles of bromine which are almost completely removed in 
a mixture of chloroform and sodium bicarbonate. Compounds with a 
double bond Cy,:Cy2 add 1 mole of bromine to give dibromo derivatives in 
which the halogen is stable to sodium bicarbonate. 

8. Construction of Stuart models shows that the cyclic ether in 3,9- 
epoxy-A"-cholenic acid can be formed without distortion if the Rings A and 
B have a cis arrangement, as in cis-decalin, and if the hydroxyl group at C; 
is a; that is, on the side of the molecule opposite the methyl] group at Cio. 
Formation of the 3,9-epoxy compound is good confirmation for the con- 
figuration previously assigned for the structure of the bile acids. 


BIBLIOGRAPHY 


1. Turner, R. B., Mattox, V. R., Engel, L. L., McKenzie, B. F., and Kendall, E. C., 
J. Biol. Chem., 162, 571 (1946). 

2. Sarett, L. H., J. Biol. Chem., 162, 591 (1946). 

3. Young, W. G., and Lane, J. F., J. Am. Chem. Soc., 60, 847 (1938). 

4. Stuart, H. A., Z. phys. Chem., Abt. B, 27, 350 (1934). 

5. Windaus, A., Ann. Chem., 447, 233 (1926). 








STEROIDS FROM BILE ACIDS. IV 


















. Ruzicka, L., and Goldberg, M. W., Helv. chim. acta, 18, 668 (1935). 

. Reindel, F., and Niederlinder, K., Ber. chem. Ges., 68, 1243 (1935). 

8. Reindel, F., and Niederlinder, K., Ann. Chem., 622, 218 (1936). 

. Fieser, L. F., The chemistry of natural products related to phenanthrene, New 
York, 2nd edition, 399 (1937). 

. Barnett, J., and Reichstein, T., Helv. chim. acta, 21, 926 (1938). 

. McKenzie, B. F., MeGuckin, W. F., and Kendall, E. C., J. Biol. Chem., 162, 555 
(1946). 

2. Press, J., and Reichstein, T, Helv. chim. acta, 26, 878 (1942). 

. Chakravorty, P. N., and Wallis, E. 8., J. Am. Chem. Soc., 62, 318 (1940). 

. Seebeck, E., and Reichstein, T., Helv. chim. acta, 26, 536 (1943). 

. Fischer, H., Z. physiol. Chem., 73, 204 (1911). 

3. Borsche, W., and Hallwass, F., Ber. chem. Ges., 66, 3324 (1922). 

. Longwell, B. B., and Wintersteiner, O., J. Am. Chem. Soc., 62, 200 (1940). 

. Pregl, F., Quantitative organic microanalysis, translated by Fyleman, E., Phila- 
delphia, 2nd edition, 217 (1930). 

9. Engel, L. L., Mattox, V. R., McKenzie, B. F., MeGuckin, W. F., and Kendall, E. 
C., J. Biol. Chem., 162, 565 (1946). 











nu’ 
Ba 
iso) 
an 
Wu 
has 
pro 
pho 
frac 
fact 
shor 
cent 
trati 
lowe 
met: 
cone 
incre 
butic 
Or 
55 gi 
woul 
it was 
of thi 
cane 
times 
lasses 
becar 


* Su 
ration ; 
Educat 

1An 











A DIETARY FACTOR ESSENTIAL FOR GUINEA PIGS* 


VIII. THE ISOLATION OF THE ANTISTIFFNESS FACTOR 
FROM CANE JUICE 


By WILLEM J. van WAGTENDONK anp ROSALIND WULZEN 


(From the Department of Chemistry and the Department of Zoology, 
Oregon State College, Corvallis) 


(Received for publication, April 23, 1946) 


The existence of a fat-soluble dietary factor essential for guinea pig 
nutrition was well established through investigations by Wulzen and 
Bahrs (1-3) and has been confirmed by Anderson and Caldwell.! The 
isolation of a highly active fraction from raw cream, capable of alleviating 
an induced stiffness in guinea pigs, was described by van Wagtendonk and 
Wulzen (4). It seems apparent from physiological studies that the factor 
has a regulatory effect on the phosphorus metabolism. One of the most 
prominent changes found was a sharp decrease in the easily hydrolyzable 
phosphorus fraction in the liver and kidneys during the deficiency. This 
fraction responded immediately to the administration of the antistiffness 
factor to deficient animals in that the values returned to normal after a 
short time of treatment (5). Similar changes were observed in the con- 
centration of the acid-soluble phosphorus in the muscle. The concen- 
trations of creatine phosphate and adenosine tri- and diphosphate are 
lower in the deficient animal (6). As a result of the deranged phosphorus 
metabolism other, probably secondary, changes are (1) an increase in the 
concentration of inorganic phosphorus and calcium in the blood, (2) an 
increase in calcium in the body tissues (7), and (3) an abnormal distri- 
bution of the protein nitrogen in the blood (8). 

Only 3 mg. of an oil, curative in a 0.1 y dosage, were obtained from 
55 gallons of raw cream (4). Since much larger amounts of raw cream 
would have been needed for a successful isolation of the antistiffness factor, 
it was decided to test other possible sources of raw material for the presence 
of this factor. It was found that crude cane molasses and crude unheated 
cane juice were good sources of the factor, the latter being around 100 
times as active. Due to the unavailability of crude cane juice, cane mo- 
lasses was first used for the extraction of the factor. Later cane juice 
became available and was used exclusively. 


* Supported by grants from the Williams-Waterman Fund of the Research Corpo- 
ration and from the General Research Council of the Oregon State System of Higher 
Education. 

? Anderson, C. A., and Caldwell, A. L., in press. 
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We were able to extract and purify a crystalline compound which in a 
daily dose of 0.002 y would relieve the stiffness induced by the skim milk 
diet in 5 days. The low level of the easily hydrolyzable phosphorus 
returned to normal values in the same time. 


EXPERIMENTAL 


Method of Assay 


Guinea pigs weighing from 350 to 400 gm. were raised on the diet, as 
described by van Wagtendonk (5). The diet consisted of skim milk 
powder and water, to which the necessary known vitamins and small 
amounts of copper and iron had been added. The syndrome developed 
gradually over a period of some months. Animals in which the syndrome 
was well developed were used for the test. The usual method of assay 
consisted of a manual determination of the wrist stiffness in the following 
way. 

The fore leg of the guinea pig on the opposite side from the experimenter 
was extended posteriorly, close to the body wall of the animal, by pressing 
the thumb on the olecranon process and at the same time supporting the 
proximal and distal portions of the leg with the fingers. The leg should 
be as straight as possible. The disengaged hand of the operator was then 
used to superextend the foot gently by pressing upward on its medial 
aspect. The foot of a normal animal would bend easily until it formed a 
right angle with the leg. The nutritionally deficient animals were very 
sensitive towards the treatment and manifested pain at once when the 
foot was forced beyond the point of easy bending. This stiffness dis- 
appeared if active fractions were administered to the animals. The results 
are recorded in terms of a series of arbitrary figures. A normal joint is 
designated as 4, a completely rigid joint as 1. Intermediate conditions 
are indicated by such symbols as 1.5, 2, 3, 3+, and 4—. 4P indicates 
that, although normal mobility has been regained, the joint is still painful 
under manipulation. The fractions were dissolved in cottonseed oil. 
In order to express activities in a quantitative way we arbitrarily defined 
1 unit as follows: A solution of an active fraction in cottonseed oil con- 
tains 1 unit per cc. if, when 1 cc. is administered daily for 5 consecutive 
days to a sick animal, it cures the affected animal in this time, the stiffness 
being determined as described above. 

The determination of the easily hydrolyzable phosphorus in the liver 
was also used as an assay. Guinea pigs were anesthetized by intraperi- 
toneal injection of nembutal, and the liver was quickly removed and 
dropped into a mixture of dry ice and ether. The frozen organ was weighed 
and ground in a Waring blendor in a measured volume of ice-cold 5 per 
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cent trichloroacetic acid, with 10 cc. of acid for 1 gm. of tissue. The 
suspension was filtered and the inorganic P in the filtrate determined ac- 
cording to the method of Fiske and Subbarow (9). The easily hydroly- 
zable P was determined by heating an aliquot for 15 minutes in a boiling 
water bath with n sulfuric acid, the liberated P being determined as 
described above. The obtained values were compared with those from 
the livers of deficient animals of the same age group. An increase of the 
easily hydrolyzable P in the livers of animals receiving the antistiffiness 
factor was considered an indication of the activity. 


TaBLe I 
Activity of Other Materials 








| Maximum | Maximum 
| Activity dose | Activity 
tested tested 
— ” em. = a om. 
Raw cream 1 Sorghum (stalks) 20 
Fresh kale leaves 1 Corn (stalks) 3 
Vacuum-dried kale (60°)} 8 Beet molasses 0 3 
Raw potato 0.5 1 Soy bean 0 5 
Bakers’ yeast (Fleisch- 0 2 Flax seed 10 
mann) Corn oil 0 5 
Beef muscle 0.5 1 Cane molasses 10 
“liver 0.5 1 ** juice 100-1000 
Alfalfa 0.5 1 a-Tocophero] phos- 0 0.02 
Anaheim vacatone 0 2 phate-disodium salt* 
Broccoli 0 2 Wheat germ oil con- 2 
centratet 





























* Obtained through the courtesy of Dr. J. A. Aeschlimann, Hoffmann-La Roche, 
Inc. 
t From Distillation Products, Ine. 


Other Sources of Factor—Various other raw materials were tested for 
the presence of the antistiffness factor, according to the first assay method. 
The results are represented in Table I. The fact that the a-tocopherol 
phosphate-disodium salt is inactive in concentrations as high as 20 mg. 
again definitely establishes the fact that the described deficiency disease 
is not due to the absence of vitamin E from the diet. 

Isolation from Cane J uice—The extraction procedure for cane juice was 
identical with that for molasses. For this reason only the method with 
cane juice will be given. In total 6 tons of molasses and 7 tons of cane 
juice were used for the extraction of the antistiffness factor. 

Extraction with Ethyl Ether—55 gallons of crude cane juice (100 units 
per gm.; total 20,000,000 units) were extracted at room temperature in a 
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semicontinuous extraction apparatus.? It was found advantageous to pass 
the cane juice through a stationary column of ethyl ether. In this way, 
emulsification, although still a serious interference, was consideraby less 
than if the ether were to flow through the cane juice. The extraction 
tower was filled with wooden blocks (2 X 2 X 2 m.,preextracted with ethyl 
ether) which were thoroughly soaked in cane juice. The tower was then 
charged with 5 gallons of ethyl ether and the cane juice was passed through 
it at the rate of 55 gallons per 4to 5 hours. After six extractions the tower 
was drained and the emulsion centrifuged to recover the ether extract, 
The tower was refilled with ether and the extraction continued. A 4 day 
extraction (four charges of ethyl ether, total twenty-four runs) was suffi- 
cient to extract all of the active material. The ether extract of each run 
was washed three times with 3 liters of water, dried over anhydrous sodium 
sulfate, and concentrated in a stream of nitrogen. Yield, 17 gm. of a dark 
green wax; 1,000,000 units per gm.; total 17,000,000 units. 

Distribution between Immiscible Solvents—The wax obtained from the 
extraction was dissolved in 1 liter of petroleum ether (Skellysolve H) and 
four to five times extracted with 1 liter of 90 per cent methanol. The 
active substance remained in the petroleum ether layer. After drying over 
anhydrous sodium sulfate the solution was concentrated in a nitrogen 
atmosphere. Yield, 11 gm. of a green wax; 1,500,000 units per gm.; total 
16,500,000 units. 

Selective Adsorption on Magnesium Oxide—The green wax from the 
second step was dissolved in 500 cc. of a petroleum ether-benzene mixture 
(9:1). 25 to 50 gm. of magnesium oxide (adsorptive powdered magnesia, 
No. 2641, California Chemical Company, Newark, California) were added. 
The mixture was thoroughly shaken. After centrifuging, the pale yellow 
supernatant solution containing the active substance was again concentra- 
ted in a stream of nitrogen. Yield, 6 gm. of an orange wax; 10,000,000 
units per gm.; total 60,000,000 units.* 

Molecular Sublimation—The wax so obtained was submitted to a molec- 
ular sublimation in a simple pot still. The condensing surface was 
cooled with a dry ice-acetone mixture. The vacuum was maintained at 0.1 
u. Some fractionation was possible. At a bath temperature of 70° a 
yellow inactive oil condensed at the cooled surface. At a bath temper- 


2 The authors want to express their appreciation to Professor G. W. Gleeson from 
the Department of Chemical Engineering for his valuable advice in the construction 
of the extractor unit. 

? On elution of the magnesium oxide with ethanol, a fraction can be obtained which 
in very small dosages will increase the degree of stiffness. The removal of this 
fraction accounts for the increase of the total activity from 16,500,000 to 60,000,000 


units in this step. 
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ature of 140-170° the active substance (mixed with some oil) condensed 
at the surface of the cold finger. The distillate was dissolved in benzene 
and 9 volumes of 95 per cent ethanol were added. After standing over- 
night in the ice box the precipitate was filtered, washed with a cold 


ethanol-benzene mixture (1:9), and dried in a vacuum desiccator. The 
major part of the oil was thus removed. The dry material was submitted 
to a second molecular sublimation. The now white distillate was 


The solution was cooled and the 
The material thus obtained usually 


dissolved in purified petroleum ether‘. 
white crystalline precipitate filtered. 


TABLE II 
Stiffness Test 


Course of cure 
Dosage cecum 














ist day 2nd day 3rd day 4th day Sth day 6th day 7th day 
| 
10 (2.5,2.553 |3 |4-|4 |4 |4 
0.01 | 2.5) 2.5) 3.5 | 3— | 4— | 3+ | 4 | 3+ 1 4 f= i4 4P 4 4 
0.002 | 3 | 2.5) 3+ | 2.5 | 3.5] 3.5 | 3.5) 3.5 | 3.5) 3.5 | 4-— | 4- | 4 \4 
Control | 2 | 2.5) 2 2.5 | 2 2.5/2 |2.5| 2 S512 T3:817 Tae 
a 4 , es a.) oe Pe: 
TaBLe III 
Easily Hydrolyzable Phosphorus 
Dosage Easily hydrolyzable P No. of animals 
Y mg. per 100 gm. 
10 17.3 + 0.5* 10 
0.01 16.2 + 0.3 10 
0.002 8.524 0.5 5 
Control 4.7+0.2 10 





* The mean values and the standard error are given. 


melted from 79--81°. Approximately fourteen recrystallizations from pe- 
troleum ether were necessary to obtain a sharp melting product. The pur- 
ified material melted from 81.5-82°. It consisted of pure white leaflets. 
Yield, 0.1 gm.; 500,000,000 units per gm.; total 50,000,000 units. 

Activity Tests—The activity of the crystalline compound was deter- 
mined as described above. The results are given in Tables II and III. 


*2 liters of Skellysolve H were shaken five times with 100 cc. of fuming sulfuric 
acid, washed acid-free with distilled water, dried over NazSO,, anhydrous, and dis- 
tilled over sodium. The fraction boiling from 62-78 
the recrystallizations. 


was collected and used for 
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The dosage of 0.002 y can therefore be considered as the minimal dosage 
necessary to relieve the stiffness and to return the level of the easily hydroly. T 
zable phosphorus to normal values. 


DISCUSSION 


From this and other previously reported investigations (4-7) it becomes 
apparent that the compound isolated from the cane molasses and the cane 
juice is able to prevent and to cure the symptoms characteristic for the ( 
deficiency. In view of the extremely small dosages required we feel justified 
in classifying the compound as an essential metabolite. Work towards the 
elucidation of its structure is in progress. It has not yet been possible to 


establish whether this compound is also present in the previously isolated An 
fraction from raw cream. amin¢ 
class 

SUMMARY of the 

A procedure for the isolation of a crystalline factor present in molasses mechs 
and raw cane juice, which cures an induced stiffness in guinea pigs, has been partic 
described. The abnormal low level of the easily hydrolyzable P in the liver | In | 
of deficient animals can be returned to a normal value by the administration | of bot: 
of minute dosages of the antistiffness factor. The smallest curative dosage methy 
is 0.002 y. | adequ 
ethanc 

The authors want to express their sincere thanks to Dr. Arthur G. Keller rhagic 
of Louisiana State University for his cooperation in obtaining large amounts | 4S Te 
of cane juice. Thanks are also due to the Pacific Molasses Company, | STUDS 
San Francisco, California, for the generous amounts of molasses furnished | the tis 
and to the Aubandon Sugar Manufacturers and the United States Sugar | °onten 
Corporation of Clewiston, Florida, for the cane juice shipped. For 
methy!] 
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THE ROLE OF DIMETHYL- AND MONOMETHYLAMINO- 
ETHANOL IN TRANSMETHYLATION REACTIONS IN 
VIVO* 

By VINCENT pu VIGNEAUD, JOSEPH P. CHANDLER, SOFIA 
SIMMONDS, A. W. MOYER, ann MILDRED COHN 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, April 27, 1946) 


An investigation of the metabolic behavior of dimethyl- and monomethy]- 
aminoethanol was undertaken as a further study of members of the general 
class of N-methyl compounds. It was hoped, however, that in the study 
of these particular compounds some clue might be uncovered as to the 
mechanism by which choline is synthesized and degraded in the course of 
participating in transmethylation reactions (1, 2). 

In our first exploratory experiments, the growth-promoting properties 
of both monomethyl- and dimethylaminoethanol were studied. The mono- 
methyl compound proved to be so toxic that its activity could not be 
adequately tested. In addition to the growth studies on dimethylamino- 
ethanol, data were also obtained on its effect on fatty livers and hemor- 
rhagic kidneys. Finally, the labeling of the methy] groups with deuterium 
was resorted to in order to gain a closer insight into the fate of the methyl 
groups of these compounds. After the feeding of the labeled compounds, 
the tissue choline and tissue creatine were isolated and their deuterium 
content was determined. 

For the preparation of deuteriomonomethylaminoethanol, deuterio- 
methyl iodide, prepared from deuteriomethyl alcohol (1), was used as the 
methylating agent of N-p-toluenesulfonylaminoethanol. For the prepara- 
tion of deuteriodimethylaminoethanol, direct methylation with deuterio- 
methyl iodide could not be employed. Therefore, advantage was taken 
of the procedure of Clarke, Gillespie, and Weisshaus (4) for the methyla- 
tion of amines with formic acid and formaldehyde. Deuterioformic acid, 
obtained by pyrolysis of deuteriooxalic acid (5), was used with ordinary 
formaldehyde to methylate aminoethanol. In this way, the methyl group 
is labeled by the partial replacement of 1 hydrogen atom by deuterium. 
This synthesis has the advantage of using a readily available source of the 


* The authors wish to acknowledge a grant-in-aid by the Nutrition Foundation, 
Inc., which has contributed to the support of this investigation. 

‘Frankel and Cornelius (3) have reported the preparation of dimethylamino- 
ethanol, isolated as the gold chloride, subsequent to the treatment of aminoethanol 
with a large excess of methyl iodide in the presence of sodium hydroxide. In our 
laboratory, choline was the only product obtained from the reaction mixture. 
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isotope, since deuteriooxalic acid can be prepared by a simple exchange 
reaction between deuterium oxide and oxalic acid. 


EXPERIMENTAL 


Preparation of Deuteriomonomethylaminoethanol (CD;NHCH,CH,OH)— 
Deuteriomethy! iodide, obtained from 6.3 gm. of deuteriomethy] alcohol 
(1), was distilled directly into a solution of 32 gm. of N-p-toluenesulfonyl- 
aminoethanol (6) in 100 cc. of 3.5 N sodium hydroxide. The resulting 
mixture was heated in a well stoppered flask at 65-75° for 90 minutes and 
then allowed to cool to room temperature. The solution was extracted 
several times with chloroform, and the chloroform extract was concentrated 
to dryness in vacuo. An alcoholic solution of the residue was decolorized 
with Darco, and the alcohol was evaporated. 31 gm. of N-p-toluene- 
sulfonyldeuteriomethylaminoethanol were obtained. 

28 ym. of this compound in 80 cc. of concentrated hydrochloric acid were 
heated in a sealed tube for 23 hours. The p-toluenesulfonic acid which 
erystallized when the acid solution was cooled to 0° was removed by 
filtration. The filtrate was concentrated in vacuo to remove excess HCl. | 
The deuteriomonomethylaminoethanol hydrochloride was dissolved in 
absolute alcohol and precipitated with dry ether. 8.0 gm. of product were 
obtained. 

For deuterium analysis, this extremely hygroscopic salt was converted | 
to the picrate. A sample of deuteriomonomethylaminoethanol hydro- 
chloride was dissolved in concentrated potassium hydroxide solution and 
the free base was extracted with ether from the alkaline solution. The 
ether extract was dried over sodium sulfate and was treated repeatedly 
with an ether solution of picric acid. The picrate which precipitated was 
extracted with boiling ether to remove excess picric acid. 


Analyses—Deuteriomonomethylaminoethanol picrate 
Elementary.? Calculated,’ C 35.11; found, C 35.56 
Deuterium. 23.8 + 0.5 atom% (95.2 atom% in methyl group) i 


Preparation of Deuteriodimethylaminoethanol ((CH:D),.NCH:CH,0H)— 
Aminoethanol was methylated by the method of Clarke and coworkers (4) 
for the methylation of amines. Deuterium was introduced by the use of 
deuterioformic acid (DCOOD) in place of ordinary formic acid. 


2 In the combustion of deuterium-containing compounds by the usual microanaly: | 
tical techniques, deuterium is retained in the combustion tube. Therefore, the | 
hydrogen values of such compounds obtained in the usual manner are unreliable. 
For this reason, only the values for carbon have been determined for the test com- 
pounds. 

2 All calculated values are based on the increased molecular weight due to dev- 
terium in the molecule. ? 
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55 gm. of anhydrous oxalic acid were equilibrated with 25 gm. of 99.6 
per cent D,O. ‘To this mixture were added 2 cc. of glycerol, and the deu- 
teriooxalic acid was converted to deuterioformic acid by heating the mixture 
in an oil bath at 180°. 40 cc. of solution containing 22 gm. of deuterio- 
formic acid were obtained by distillation and were subsequently treated 
with 13 gm. of trioxymethylene. The resulting solution was cooled in an 
ice bath and 12 gm. of aminoethanol were added. The temperature was 
allowed to rise slowly to avoid violent reaction, and finally the mixture 
was heated under a reflux for 4 hours. A slight excess of the calculated 
amount of anhydrous HCl was added to the solution and the volatile 
material was removed by distillation. The exchangeable deuterium in 
the residue was removed by repeated equilibrations with ordinary water. 
An aqueous solution of the final residue was then made alkaline and the 
mixture was distilled. The distillate was saturated with potassium hy- 
droxide and the dimethylaminoethanol layer was removed. Even after 
drying over anhydrous potassium carbonate, the deuteriodimethylamino- 
ethanol still contained some water which could not be readily removed by 
fractional distillation. The product was found to contain 84 per cent 
dimethylaminoethanol by titration with standard acid and by determina- 
tion of its nitrogen content. 

For deuterium analysis, the dimethylaminoethanol was converted to the 
picrate. 


Analyses—Deuteriodimethylaminoethanol picrate 
Elementary.? Calculated,* C 37.62; found, C 37.80 
Deuterium. 5.35 + 0.07 atom % (12.5 atom % in methyl group) 


The introduction of deuterium in the preparation of dimethylamino- 
ethanol by this procedure was attempted with ordinary formic acid in a 
medium of D,O. The dimethylaminoethanol obtained by this procedure 
contained only a trace of deuterium. 


Exploratory Feeding Experiments 


Growth Experiments with Dimethylaminoethanol—Growth tests with 
dimethylaminoethanol were carried out with young rats on methionine- 
and choline-free diets. The diet was the amino acid diet employed by 
Chandler and du Vigneaud (7) and contained homocystine (1.25 per cent) 
as the only sulfur amino acid. The fat-soluble vitamins were mixed in 
the diets in the amounts used by Chandler and du Vigneaud (7), and the 
water-soluble vitamins were given as a supplement in pills. The rats 
received two pills daily; each pill contained 0.01 mg. each of thiamine 
chloride, riboflavin, nicotinic acid, 0.005 mg. of pyridoxine hydrochloride, 
12.5 mg. of choline-free ryzamin-B (8), and 150 mg. of dextrin. The 
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daily food consumption, the initial body weight, and the average daily 
change in body weight for each rat are given in Table I. 

Effect of Dimethylaminoethanol on Fatty Degeneration of Liver—The fat 
content of the livers of the rats fed dimethylaminoethanol was determined 
by the method of Best, Channon, and Ridout (9). The results of these 
analyses are given in the last column of Table I. 


Tasie I 
Growth and Lipotropic Effects of Dimethylaminoethanol 








' 


















































} i 
= Average | yiitial Average ,; 
—~ _ = ret Daily supplement to basal diet pA nay body change in | oy 
| tion =| Weight | y | 
| weight 
meg. he | - | = | per cent 
233 @ | 24 | No supplement | 4.6 | 69 | —O.1 | 27.5 
129 @ | 20 | Dimethylaminoethanol | 50 | 4.5 71 | -0.4 | 5.7 
130 9 | 2 a | 50 5.3 57 | -0.4 | 5.1 
231 7 | 24 “ | 25°] 5.1 | 77 | +0.4 | 3.8 
232 | 16 | “ | 25° | 5.0 | 79 | +0.4 | 8.3 
2320) 8 | “ | 50* | 4.0 | 8 | 40.4 | 
255 #* | 20 “ 50 5.4 67 | +0.1 | 4.7 
256 9 | 20 ee 50 5.0 68 | 0.0 | 6.4 
327 9| 8 | Choline chloride | | 4.2 | 40 | 41.2 | 627 
328 9 8 sts se | 50 4.7 36 +1.0 | 7.2 
268 9 | 16 " . | 50 3.6 | 36 | +1.2 | 
* Compound injected subcutaneously. 
Tas_e II 
Effect of Dimitthylaminoethanol on Development of Hemorrhagic Kidneys 
: Average body weight | A Ay 
Dietary yt rats in si alt daily food kidney | Kidney lesions 
| Initial | Sth mad Sthday| intake weight 
| gm. om. | gm. | gm. sm. | 
rrr ..eeee| 87.3 | 51.0 49.6 4.2 0.89 | 7 (Severe) 
| 5 | 3 (Partial) 
Dimethylaminoethanol....| 38.1 | 47 | 51. 3 | 4.3 0.59 0 








Effect of Dimethylaminoethanol on Hemorrhagic Degeneration of Kidneys— 
Two groups of ten rats each were fed the 18 per cent casein diet described 
by Griffith and Mulford (10) and called by them Diet AC-39. As used 
in our experiment, the Griffith and Mulford diet was modified as follows: 
fortified fish liver oil was replaced by corn oil solutions of vitamins A, D, £, 
and K in the amounts described previously (11), and the water-soluble 
vitamin supplement also was altered so that each rat received daily an 
aqueous solution containing 0.02 mg. each of thiamine chloride, riboflavin, 
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nicotinic acid, and pyridoxine hydrochloride, and 0.2 mg. of dl-calcium 
pantothenate. 

One group of rats was kept on this regimen as a control group, while the 
other group was given, in addition, 48 mg. of dimethylaminoethanol per 
rat per day. After 8 days, the animals were sacrificed and autopsies 
were performed. The change in body weight, the average daily food 
consumption, and the incidence of renal lesions in each group are given 
in Table II. 


Feeding Experiments with Labeled Compounds 


In each experiment one male rat and one female rat were fed a syn- 
thetic, methyl-free diet of the following percentage vomposition: amino 
acid mixture (8) 20,4 dextrin 27, sucrose 15, salt mixture (Osborne and 
Mendel (12)) 4, agar 2, corn oil (Mazola) 30. The remaining 2 per cent 
of the diet varied in each experiment. Vitamins A, D, E, and K were 
included in the corn oil, as described previously (11). The water-soluble 
vitamins were administered in aqueous solution. Each rat was fed by 
stomach tube 0.4 cc. of solution daily, containing 0.02 mg. each of thiamine 
chloride, riboflavin, nicotinic acid, and pyridoxine hydrochloride, 0.2 mg. 
of dl-calcium pantothenate, and 25 mg. of choline-free ryzamin-B (8). 
The test compound dissolved in the solution of the B complex vitamins 
was given to each animal during the experimental period in an amount 
equivalent in methyl groups to 50 mg. of choline chloride per day. At the 
end of the experimental period, the rats were sacrificed and choline and 
creatine were isolated (1) from the tissues of each animal, and the deu- 
terium content of the isolated compounds was determined. The purity 
of the isolated choline chloroplatinates was determined by platinum 
analyses, while that of the isolated creatinine potassium picrates was 
determined colorimetrically by the Jaffe reaction. 

Feeding of Deuteriodimethylaminoethanol with Homocystine—The diet 
fed the two rats had the following percentage composition: basal methyl- 
free diet 98, dl-homocystine 0.6, l-cystine 0.4, and dextrin 1.0. For 1 
week prior to the feeding of deuteriodimethylaminoethanol, the animals 
each received 50 mg. per day of choline chloride with the B complex vita- 
mins. Then choline was omitted from the aqueous vitamin solution 
and deuteriodimethylaminoethanol (48 mg. per day) was substituted; 
enough hydrochloric acid was added to the solution to neutralize it. Table 
III gives the change in body weight of each rat during the 21 day experi- 


‘The apparent percentage of amino acid mixture in this diet differs from that pre- 
viously described (7) because the present diet contains 1.3 per cent of l-leucine in- 
stead of 2.6 per cent dl-leucine, 3.8 per cent of dl-lysine hydrochloride instead of 4.5 
per cent dl-lysine dihydrochloride, and 2.3 per cent of sodium bicarbonate instead 
of 3.9 per cent. 
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mental period and the deuteriomethy] content of the isolated choline and 
creatine. 
Analyses—Choline chloroplatinate 
Elementary. Rat 1105. Calculated,’ Pt 31.6; found, Pt 30.9 
“ 1106. - “Rs: “ ~ 20 
Deuterium. “ 1105. 3.81 + 0.07 atom % 
“ 1106. 3.18+0.08 “ &% 
Creatinine potassium picrate 
Deuterium. Rat 1105. 0.31 + 0.05 atom % 
“ 1106. 0.2424+0.05 “ &% 


Feeding of Deuteriodimethylaminoethanol with Methionine—In this 
experiment the diet had the following percentage composition: basal 
methyl-free diet 98, dl-methionine 1.4, and dextrin 0.6. The two rats 
were fed this diet for 1 week without deuteriodimethylaminoethanol in 
the aqueous vitamin supplement and then for 3 weeks with this compound. 
The data obtained concerning the change in body weight of the rats and 
the deuterium content of the isolated creatine and choline are summarized 
in Table III. 

Analyses—Choline chloroplatinate 

Elementary. Rat 1103. Calculated,’ Pt 31.6; found, Pt 31.2 
“ 1104. ss a | “ 32.1 
Deuterium. “ 1103. 2.02 + 0.07 atom % 
“ 1104. 1.934006 “ % 
Creatinine potassium picrate 
Deuterium. Rat 1103. 0.04 + 0.04 atom % 
“ 1104. 0.074004 “ & 


Feeding of Deuteriomonomethylaminoethanol—Two rats were placed ona 
diet having the following percentage composition: methyl-free basal diet 
98, dl-homocystine 1.25, and dextrin 0.75. For 1 week the rats each | 
received 50 mg. per day of choline chloride with the B complex vitamins. 
Then the administration of choline was discontinued and deuteriomono- 
methylaminoethanol hydrochloride (120 mg. per day), neutralized with | 
sodium carbonate, was substituted in the aqueous vitamin solution. 

The rats lost weight on this diet, and on the 12th day Rat 1201 died. | 
At autopsy the kidneys were found to be enlarged, soft, and pale in color, 
but no other gross pathology was observed. The surviving rat was given | 
a 10 mg. dose of choline chloride in an attempt to prolong life, but it died | 
5 days later. At autopsy the liver appeared normal, the kidneys wert | 
large and pale, the pancreas was very white, the gastrointestinal tract | 
contained much gas and fluid, and the peritoneal cavity also contained 
considerable fluid. Choline and creatine were isolated from the tissues 
of both of these animals. The results of this experiment are summarized 
in Table III. 











DU VIGNEAUD, CHANDLER, SIMMONDS, MOYER, COHN 


Se] 


© © 
one 
HHH 
com > 
Oo a i 


(001 X ¥/9) 


p2j} punodulo> 
wo 
peAuep |Ayjow 
yuao 139g 


i 




















"| | | 
| ' Z'O ¥ €°€1 [02'O F OSI IS -eL| tar | 
| 
| } | 
” 1°O ¥ Sil |Il'O 22°01 \29 ~$L) 421 
v» \L°0 F 1° 8% 60°0 F 10°E IL-9} 12 
soUly], (6°0 F 1°92 |IT'O F FTE [69 -98) 12 
9T'0 F F6'0 (O'T F 9'6E \21'0 F S6°F (89 -Sc| 12 
02° 0 ¥ FT 6°0 * ¥° LF Il'O ¥ €6°S |tL -19| 12 
SOF 102/90 F £19) SOF 8'IS 00T-06 £ 
7u22 49d mojo | | a2 4ad wojD | “m3 skop 
ee ee Soe - =. ae 
(9) | (oot X ¥/@) | (@) 
| | | 
od ulo- 
sdnoid |Aqjow | ” "meas _ sdnoiZ [Ayjaur yy p— —4 
ul WNa}nNIg = |peAuep jAujau| ul UMTaInNaqg poq | * jo 
| 3499 Jag | mm uot 











ca | 
auijva19 Apog 


auyjoy> Apog 


} 
| 
| 
| 
' 





| ting 





%GZ" | ‘eurjsA00woP] 


Pp | ‘aurmorgyoyy 
%b' 0 ‘aurjsk{y + 
%9'0 A 
%Gs" | ‘eursoowoy 


2p UI plow ourwe InyjN¢g 











‘ABP YIZI UO porp yy f 
‘ABp WILT Uo porp ‘ABp 4IZI UO SploTYo oUlj[OYD AIBvUIPIO Jo “Zul OT UsAIS yey 4 
‘Awp aod 4vi Jad apriopyo outpoyo Jo “Su E¢ 07 sdnosZ [Ayo ul JueTBAINbo spoAo] 4B poy 9JoM SspuNodwOd 34} [[V » 








| 
| 
| 























jounyj2I0UIMD iYy,IWMOUOWOLLIINIGT PUD pOUDYJI0OUIWD)iYyjeUMtporsajnag fo Buipeay 
II] Wavy 


n § 
iet 
ach 


ins. 





’» 6 10er 
jousyjye 
| 2°96 -ourmsAyyeuouoyy | © 00ZT 
| ” 6 FOIT 
” £ SOIT 
” 6 90IT 
¢’°ZI | [ouBYyyoouTUIB[AYJoUTIG | Y SOIT 
7 eutjouD | © 008 
1"99 49g 
14070 
(¥) 
sdnoi2 
jAqjyew 
= xas pur 
“sno ‘ON PY 
«P?} punoduio, 
ea BEEEERBES 
aot .-. OS S33 28 GS SB 








610 DIMETHYL- AND MONOMETHYLAMINOETHANOL 


Analyses—Choline chloroplatinate 
Elementary. Rat 1200. Calculated,’ Pt 31.6; found, Pt 32.1 
“ 1201. = a “= 33.32 
Deuterium. “ 1200. 6.89 + 0.07 atom % 
“ 1201. 8.13420.13 “ &% 
Creatinine potassium picrate 
Deuterium. tat 1200. 0.16 + 0.11 atom % 
“ 1201. 0.09+0.06 “ & 


DISCUSSION 


Although the dimethylaminoethanol exhibited both lipotropic and anti- 
hemorrhagic activities, the growth experiments demonstrated that di- 
methylaminoethanol does not supply methyl groups for the synthesis of 
methionine from homocystine at a rate sufficiently rapid to permit as good 
growth of the young rat as is obtained when choline is fed. However, 
under these conditions experiments with the deuteriodimethylamino- 
ethanol demonstrated that the methyl groups of the dimethyl compound 
are used very efficiently by the rat in the synthesis of choline. About 43 
per cent of the methyl groups in the tissue choline were derived from the 
deuteriodimethylaminoethanol in 3 weeks, when the latter was fed as a 
supplement to a diet containing homocystine and cystine as the onlysulfur- 
containing amino acids. This figure may be compared with the value of 
about 60 per cent obtained in experiments in which deuteriocholine was 
fed with homocystine (2). 

The seemingly anomalous situation that the dimethyl compound pre- 
vents fatty livers and hemorrhagic kidneys and is a relatively good source 
of the methyl groups of choline, yet is not an efficient substitute for choline 
in supporting the growth of young rats on the homocystine diet, would 
become understandable if the animal were incapable of demethylating 
dimethylaminoethanol to yield methyl groups for the synthesis of methio- 
nine but were capable of methylating it to yield choline. If this should be 
the case, dimethylaminoethanol would not enter directly into transmethyla- 
tion reactions, such as the formation of methionine and creatine, yet would 
be convertible to choline. This concept would carry with it the implication 
that choline, in engaging in transmethylation, releases only one methyl 
group, and dimethylaminoethanol is formed. Dimethylaminoethanol would 
thus assume a pivotal position as both the immediate precursor and the prin- 
cipal demethylation product of choline. 

In previous experiments it was found that when deuteriomethionine 
was the only methyl donor in the diet of young rats, the creatine and 
choline isolated from the rat tissues had about the same deuteriomethy! 
content (1). If the metabolic pathway of dimethylaminoethanol were 
such that its methyl groups were only given up to homocystine for the 
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formation of methionine and subsequently appeared in choline and creatine, 
this same relationship between the deuterio methyl content of tissue 
choline and tissue creatine should result when the deuteriodimethylamino- 
ethanol is fed with homocystine. However, the data listed in Table III 
show that the choline contained much more deuteriomethyl than the 
creatine. In fact, the distribution of the deuteriomethyl groups between 
choline and creatine was similar to that obtained in previous experiments 
in which deuteriocholine was fed (2). The results are more in accord with 
the hypothesis that dimethylaminoethanol is a precursor of choline but 
cannot itself be demethylated to yield directly utilizable methyl groups. 

On the basis of these concepts, the conversion of the administered 
dimethylaminoethanol to choline would be accomplished on the otherwise 
methyl-free diet only at the expense of tissue methionine or some other 
source of labile methyl groups. Nevertheless, with two of the methyl 
groups necessary for choline synthesis already incorporated in the diet 
in the form of dimethylaminoethanol, the dietary situation would un- 
doubtedly be much improved over a completely methyl-free diet. The 
lipotropic and antihemorrhagic properties and the very limited growth- 
promoting power of dimethylaminoethanol on the homocystine diet 
would thus be accounted for. On the other hand, its activity in prevent- 
ing fatty livers and hemorrhagic kidneys could, of course, reside in the 
intrinsic activity of the compound itself. Other compounds which have 
no labile methyl groups are known to exhibit these activities (13). One 
must, in addition, bear in mind the possibility that intestinal flora might 
play a réle in some manner in the utilization of dimethylaminoethanol. 

The direct conversion of dimethylaminoethanol to choline has been 
suggested by Jukes and Oleson (14, 15) to explain their experiments on 
the growth-promoting and antiperotic activities of dimethylaminoethanol 
in chicks. These investigators suggest that dimethylaminoethanol may 
exist in some normal diets of chicks and in other natural sources. 

It is of interest to note that the appearance of the labeled methyl groups 
in the choline of the tissues occurred after the feeding of deuteriodimethyl- 
aminoethanol, even when the homocystine and cystine in the diet were 
replaced by methionine. Thus, in spite of the availability of a more than 
adequate supply of labile methyl groups in the form of methionine, 23 per 
cent of the methyl groups of choline was still derived from dimethylamino- 
ethanol, as compared to 43 per cent when dimethylaminoethanol was the 
sole source of methyl groups in the diet (Table III). 

The experiments with monomethylaminoethanol were not so extensive 
as those with the dimethyl compound. Since monomethylaminoethanol 
was found to be toxic to small rats (about 40 gm.), its effects on growth, 
fatty liver, and hemorrhagic kidneys were not investigated. In the isotope 
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experiment (Table IIL), in which somewhat larger rats were used (about 
75 gm.), the animals also lost weight rapidly and died after a short time 
on a diet in which monomethylaminoethanol was the only possible source 
of methyl groups. Nevertheless, the choline isolated from the tissues of 
these animals contained a significant amount of deuterium. The creatine 
isolated from these rats, however, had a very low deuterium content, 
consistent with the value obtained when the same isotope level of body 
choline is attained by feeding deuteriocholine. Again the ratio of deu- 
terium in choline and creatine is the same as after the feeding of choline. 

By reasoning analogous to that used for the dimethyl compound, it 
appears probable that monomethylaminoethanol is also a_ precursor 
of choline, but is certainly not itself a direct methyl donor. In the course 
of the methylation of aminoethanol, shown by Stetten (16) to be a precur- 
sor of choline, first monomethyl- and then dimethylaminoethanol may be 
formed. The hypothesis that aminoethanol is transformed to choline 
in three successive methylation steps has been suggested by Jukes, Dorn- 
bush, and Oleson (17) on the basis of their work with the ‘‘cholineless” 
mutant (No. 34486) of Neurospora crassa. This work has recently been 
confirmed and extended by Horowitz (18), who has presented further evi- 
dence for the validity of this mechanism of choline synthesis in Neurospora, 

Stetten (16) has also shown that aminoethanol is not a product of choline 
degradation. This fact likewise fits in with our concept that the de- 
methylation of choline stops after one methyl group has been transferred 
to a methyl acceptor such as homocysteine. The difference in behavior 
of the partially methylated aminoethanols and choline, in so far as the 
ease with which an intact methyl group may be transferred, may be 
ascribed to the fact that choline is a quaternary nitrogen compound, while 
the others are trivalent nitrogen compounds. 


SUMMARY 


The relationship of monomethyl- and dimethylaminoethanol to choline 
and transmethylation reactions has been investigated. Dimethylamino- 
ethanol was found to be active in preventing the formation of fatty livers 
and hemorrhagic kidneys but was decidedly inferior to choline in growth- 
promoting properties on a homocystine diet. Nevertheless, feeding ex- 
periments in which the monomethyl- and dimethylaminoethanols were 
labeled with deuterium in the methyl group proved that these compounds 
are excellent precursors for the synthesis of choline in the animal body. 
An explanation has been suggested for the apparently contradictory be- 
havior of dimethylaminoethanol, that is, its efficiency as a precursor of 
choline and its relative inefficiency in substituting for choline to give growth 
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y-METHYLPROLINE 


sy H. D. DAKIN 


(From Scarborough-on-Hudson, New York) 
(Received for publication, May 3, 1946) 


The object of the experiments in the following paper was the prepara- 
tion of 6-hydroxyleucine. In a previous communication (1) reference was 
made to an amino acid derived from hydrolyzed casein which it was 
thought might possibly be a hydroxyleucine and which was shown defi- 
nitely to be neither 6- nor y-hydroxyleucine. Unfortunately the syn- 
thesis of 6-hydroxyleucine has not been accomplished, for, under con- 
ditions which might have led to its formation, the product was found to 
have undergone ring formation with production of y-methylproline. 


CH; 





CH,—CH—CH,—CH- COOH CH,—CH 
| | 
CH.OH NH, H.C CH-COOH 
NH 


This reaction is analogous to Sérensen’s observation of the formation of 
proline from 6-hydroxy-a-amino-n-valeric acid. It seemed worth while 
to record a description of y-methylproline and to state that the evidence 
for the existence of hydroxyleucine as a product of casein hydrolysis must 
be regarded as unsubstantial, especially as efforts to convert the amino 
acid into methylproline have proved unsuccessful. 

The condensation of the sodium derivative of acetylaminomalonic 
ethyl ester' with 1 ,3-dichloroisobutane? gave products which on hydrolysis 
furnished only poor yields of 6-chloroleucine. 6-Chloroleucine on treat- 
ment with 25 per cent sodium hydroxide at 125-130° gave y-methylproline 
and no é-hydroxyleucine could be detected. A variety of less drastic 
methods of replacing the chlorine by hydroxyl was tried but without suc- 
cess. 

In order to increase the reactivity of 1,3-dichloroisobutane, one or both 
chlorine atoms were replaced by iodine by heating with alcoholic sodium 
iodide. While the replacement of chlorine by iodine was easily accom- 
plished and the iodo compound reacted much more smoothly with the 
sodium derivative of acetylaminomalonic ethyl ester, the main end- 


‘IT am indebted to Merck and Company, Inc., for the gift of acetylaminomalonic 
ester. 
? For supplies of 1,3-dichloroisobutane, I am indebted to The Dow Chemical 


‘ 
Company. 
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product of the reaction was y-methylproline. Incidentally it was found 
that the products of the interaction of trimethylene iodide and the sodium 
derivative of acetylaminomalonic ester on suitable treatment gave about 
35 per cent of the theoretical amount of proline. The yield of proline 
from trimethylene bromide is similar. It is of interest to note that the 
sodium halide formed in the reaction with chloroiodoisobutane is chloride 
rather than iodide. It appears probable that sodium iodide is first formed 
and then reacts with the remaining chlorine atom. The use of sodium 
iodide to catalyze the reaction is a practical procedure. Incidentally the 
observation was made that glycine which invariably accompanies the 
prolines in the products of hydrolysis gives a relatively sparing reineckate 
which might easily lead to confusion in the use of Reinecke salt. 


EXPERIMENTAL 


5-Chloroleucine—After a number of experiments, the following condi- 
tions were chosen, although the results left much to be desired. Sodium 
(4.6 gm.) is dissolved in anhydrous alcohol (75 cc. redistilled over calcium 
metal). While still slightly warm acetylaminomalonic ethyl ester (43.4 
gm.) is added to the solution which is shaken gently until solution is com- 
plete. The mixture is then cooled to room temperature or below and with 
vigorous shaking 2 volumes (150 cc.) of dry dioxane are added by degrees. 
The sodium derivative of the malonic ester separates out at once. The 
bulk of the solvents is then removed by distillatjon under reduced pressure 
and a temperature not exceeding 40°. The residue is twice treated with 
additional dioxane (75 cc.) which is removed by distillation as before, 
thus completing the removal of alcohol. 1,3-Dichloroisobutane in excess 
(40 gm.) diluted with 2 volumes of dioxane is then added and the mixture 
heated under a reflux with stirring at intervals in an oil bath at 130° for 
about 9 hours or until neutrality is reached. Hydrochloric acid (200 cc.) 
and water (50 cc.) are then added and hydrolysis of the esters completed 
by boiling under a reflux for 9 hours, an oil bath being used for heating. 
The solution is then evaporated as completely as possible under reduced 
pressure and sodium chloride separated with alcohol and removed by 
filtration. It is possible to isolate some 6-chloroleucine from the alcoholic 
solution of amino acid hydrochlorides by removing chlorine ions with 
lead hydroxide followed by silver acetate, then removing heavy metals 
with hydrogen sulfide, and finally converting the amino acids into copper 
salts in the usual way. The least soluble fraction of copper salts on re- 
crystallization and decomposition gives a little 6-chloroleucine, while large 
amounts of glycine copper salt remain in the mother liquor. In view of 
the above facts it seemed desirable to remove as much as possible of the 
glycine before preparation of the copper salts. The only method that 
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was found satisfactory was to separate it as glycine ethyl ester hydro- 
chloride and to remove it by filtration. The filtrate was then boiled with 
water, freed from chlorine quantitatively, and finally converted into copper 
salt with copper carbonate. The copper salt of 6-chloroleucine is sparingly 
soluble in water and crystallizes in hard aggregates of chalky blue needles. 
The yield amounts to only 6 to 7 gm. It has normal composition without 
water of crystallization. 


CsHyNO.CI-Cu}. Calculated, Cu 16.1, NH:-N 7.14; found, Cu 16.1, NH;-N 7.21 


On decomposing the copper salt, suspended in hot water, with hydrogen 
sulfide, the free amino acid, crystallizing in needles, was readily obtained. 
It is only moderately soluble in cold water, freely soluble in hot water, 
and insoluble in alcohol. Its melting point varies with the speed of 
heating from 215-220°, giving a brown melt. On heating more strongly, 
the vapors give a strong pyrrole reaction. 


CsHy2NO-Cl. Calculated. C 43.5, H 7.25, N 8.46 
Found. "Gah ti” Bae 


In view of the possibility of the conversion of 4-chloroleucine into y- 
methylproline, it may be recorded that on esterification of 5-chloroleucine 
and subsequent hydrolysis no formation of y-methylproline could be de- 
tected. 

The chlorine in 45-chloroleucine is remarkably strongly bound. Silver 
acetate in 10 per cent acetic acid does not react at 100°, while at 120° in a 
sealed tube reduction occurred. Boiling with barium hydroxide solution 
liberates only a bare trace of chlorine. Heating with water in a sealed 
tube at 150° for 3 hours results in considerable darkening and liberation of 
a little over half of the chlorine. A somewhat better result was obtained 
as follows. 6-Chloroleucine (5 gm.) was heated at 125-130° with 15 ce. 
of 30 per cent sodium hydroxide in a closed steel tube provided with lead 
washers. About 90 per cent of the chlorine was liberated. On removing 
sodium as chloride with alcohol and then removing chlorine with silver 
acetate in customary fashion, it was found that the recovered amino acid 
was almost all soluble in alcohol (methylproline), while the small insoluble 
portion was unchanged 6-chloroleucine. No evidence of the formation of 
$-hydroxyleucine could be secured. 

1 ,3-Chloroiodoisobutane—Sodium iodide reacts readily with either one 
or both chlorine atoms of 1,3-dichloroisobutane. Sealed tubes containing 
12.7 gm. of dichloroisobutane (1 mole), alcohol (5 cc.), and 15 gm. of anhy- 
drous sodium iodide (1 mole) were heated at 125-135° for 12 hours. So- 
dium chloride (5.9 gm.) was filtered off and washed with ether. The 
contents of three such tubes gave a residue of about 70 gm. On fractiona- 
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tion, a portion boiling up to 120° under normal pressure was first removed. 
A second fraction (21.5 gm.) boiling at 120-170° under atmospheric pres- 
sure was next removed and proved to be a mixture of dichloroisobutane and 
chloroiodoisobutane. The third fraction (30 gm.) distilled close to 90° 
under 10 mm. pressure and proved to be mainly chloroiodoisobutane. No 
attempt was made to obtain a completely pure specimen. A small residue 
of diiodoisobutane remained in the flask and could only be distilled with- 
out decomposition at very low pressure. 

y-Methylproline—The condensation of 1,3-chloroiodoisobutane and 
the sodium derivative of acetylaminomalonic ester was carried out exactly 
as previously described for the preparation of 6-chloroleucine. After 
hydrolysis and removal of sodium chloride the bulk of the glycine was 
separated as ethyl ester hydrochloride. The filtrate was diluted with 
water and evaporated to a syrup. Chloride was then removed with silver 
acetate and the excess of silver precipitated as sulfide. For the isolation 
of methylproline two methods were employed. The first involves the 
use of Reinecke salt, which precipitates y-methylproline almost quanti- 
tatively, and decomposition of the reineckate with pyridine as described 
by Bergmann for proline. The second method is possibly preferable and 
simply consists in evaporating the neutral amino acid to dryness and ex- 
tracting the methylproline with hot absolute alcohol. The alcoholic 
solution is evaporated and again treated with absolute alcohol to remove 
any trace of glycine. The y-methylproline crystallizes readily on concen- 
trating the alcoholic filtrate and may be recrystallized from alcoholic 
solution by addition of anhydrous ether. !t melts at 230° with efferves- 


cence. 


CsHy0,N. Calculated. C 55.8, H 8.60, N 10.9 
Found. “ 55.7, 8.61, “ 10.9 


Amino nitrogen (Van Slyke) was completely absent. The copper salt of 
y-methylproline is much less soluble in water than that of proline and 
crystallizes in aggregates of plates and prisms with an indigo violet color 
and contains no water of crystallization. Methylproline is readily pre- 
cipitated by phosphotungstic acid. 

y-Methylproline Reineckate—y-Methylproline (0.13 gm.) dissolved in 
water (5 cc.) was added to a solution of Reinecke salt (0.5 gm.) in 10 ce. 
of water and acidified to Congo red with 2 equivalents of hydrochloric 
acid. The theoretical amount of reineckate (0.45 gm.) immediately 
separated as clumps of pink needles. It darkens above 150° and melts 
at 158-160°. It is sparingly soluble in water but very soluble in methy! 
alcohol and insoluble in acetic acid. The melting point is unchanged on 
recrystallization from aqueous methyl alcohol. 
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y-Methylproline Rhodanilate—y-Methylproline (0.13 gm.) dissolved 
in 10 cc. of 0.2 n hydrochloric acid was added to 0.5 gm. of ammonium 
rhodanilate dissolved in 7 cc. of methyl alcohol. The immediate precipi- 
tate was small but on standing at a low temperature 0.47 gm. of fine deep 
red needles separated out. The theoretical yield is 0.64 gm. and the sub- 
stance appears to be slightly more soluble than the reineckate. It darkens 
above 125° and melts at 135-136°. 

Phenyl Isocyanate Derivative of y-Methylproline—y-Methylproline (0.2 
gm.) was dissolved in 2 ce. of normal sodium hydroxide, cooled, and treated 
with phenyl isocyanate (0.2 gm.) in the usual way. The filtered solution 
was acidified and gave almost a quantitative yield of the derivative. 
It was recrystallized from aqueous methyl alcohol and separates as stout 
prismatic needles melting at 182-183°. It is very sparingly soluble in 
water but freely soluble in alcohol. 


Cy3H:eO3;N2. Calculated, C 62.9, H 6.45; found, C 63.3, H 6.80 


On boiling with normal hydrochloric acid and concentrating the solution 
the phenylhydantoin derivative is obtained as silky needles melting at 104— 
105°, sparingly soluble in water. 

Glycine Reineckate—In using Reinecke salt for the preparation of y- 
methylproline in some of the preceding experiments, it was found that the 
final product was contaminated with glycine. The suspicion arose that 
glycine formed a fairly sparingly soluble reineckate. This proved to be 
the case, although this seems surprising in the light of Kapfhammer and 
Eck’s (2) experiences. 

Glycine (1/100 mole = 0.75 gm.) with 2 equivalents of hydrochloric 
acid was treated with 3.5 gm. of Reinecke salt (theory, 3.32) in a total 
volume of 50 cc. Crystals separated on cooling and after standing at 0° 
overnight were filtered off and washed with ice water. The bright red 
(not pink) needles weighed 93 per cent of the theoretical amount (3.80 
gm.). On carrying out a similar experiment but in a volume of 100 cc., 
the yield was 82 per cent of the theoretical amount, while a volume of 200 
ec. gave 50 per cent of theory. The substance gave the theoretical amount 
of glycine on decomposition with pyridine. It may be recrystallized from 
a little warm water and darkens above 133° and is completely melted at 
158-160°. Its solubility in water at 2° was approximately 13.8 gm. per 
liter. It is evident that glycine reineckate may easily occur as an 
impurity in less sparingly soluble reineckates. 


SUMMARY 


The synthesis of 6-hydroxyleucine has. not been accomplished. A 
method is described for the preparation of 5-chloroleucine which on treat- 
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ment with alkali is converted into y-methylproline. Improved syntheses 
of the latter substance are described. The evidence for the existence of 


hydroxyleucine among the products of hydrolysis of casein must be re- 


garded as unsubstantial. 
Glycine gives a sparingly soluble reineckate which may easily introduce 
difficulties in the separation of amino acids with Reinecke salt. 
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INFRA-RED ABSORPTION SPECTRA OF STEROIDS 
II. ESTROGENS* 
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(From the Russell Sage Institute of Pathology, the Department of Medicine, Cornell 
University Medical College, and The New York Hospital, New York) 


(Received for publication, April 25, 1946) 


In this paper, the infra-red absorption spectra of a number of crystalline 
natural estrogens are presented and considered in relation to chemical 
structure. As a group, the natural estrogens are distinguished chemically 
from other steroids by the benzenoid structure of Ring A, which gives 
rise to certain infra-red absorption bands by which their spectra may be 
differentiated from those of other steroids. A study has also been made 
of a synthetic estrogen, stilbestrol (4,4’-dihydroxy-a,§-diethylstilbene). 


Methods 


Absorption spectra were obtained with the Hardy infra-red spectro- 
photometer (1), with the same techniques that were employed in the study 
of androgens (2). The steroids were prepared for analysis by deposition 
as solid films on rock salt plates from pyridine solutions, as previously de- 
scribed. 

EXPERIMENTAL 


The absorption spectra of the following compounds! are presented: 
a-estradiol, a-estradiol-3-monobenzoate, §-estradiol, 8-estradiol-3-mono- 
benzoate (Fig. 1); equilenin, equilin, estrone, estriol (Fig. 2); and stil- 
bestrol (Fig. 3). 


Analysis of Spectra 


As in the case of the infra-red absorption spectra of androgens (2), it 
has been found possible to assign a number of absorption bands in the 
spectra of estrogens to specific interatomic vibrations. These bands will 
be discussed first, after which certain other bands will be considered in 
relation to the structural configurations characterizing the compounds 
under study. 

O—H Absorption—Since all the compounds studied have one or more 
hydroxyl groups, all their spectra have absorption bands in the region near 


* Aided by a grant from the Josiah Macy, Jr., Foundation. 
1 We are indebted to Dr. Erwin Schwenk of the Schering Corporation for the com- 
pounds included in this study. 
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3 uw, attributable to the linear vibration of O—H bonds. The wave- 
lengths of the absorption maxima observed in this region are listed in gre 
rz = 6 7 8 9 10 11 2 «4 | 
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(glassy from pyridine) 
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Table I. All of the wave-lengths, except that for stilbestrol, are signifi- | group: 
cantly higher than the 2.75 to 2.77 u absorption range for unbonded O—H |_ Which 
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groups (3). As postulated in the case of androgens containing hydroxyl 
groups (2), this divergence may be the result of hydrogen bonding of O—H 


a a= SS 6 7 6 9 10 i} 12 4 
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groups in the solid films of these natural estrogens. The wide range over 
which the absorption maxima occur may be due to the varying strengths 
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of hydrogen bonding, since the extent of the shift of O—H absorption 
varies directly with the strength of hydrogen bonding. 

In general, the steroidal estrogens possessing only a phenolic hydroxy] 
(estrone, equilin, and equilenin) produced an O—H band at a higher wave- 
length than those containing only an alcoholic hydroxyl (a-estradiol 
monobenzoate and §-estradiol monobenzoate). It is therefore likely that 
in the spectra of a-estradiol and 6-estradiol the absorption bands at 2.80 
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Absorption Maxima in Hydrozyl Region 
Compound | Type of O—-H Wave length 
es siiitcatietniinigle tna ——| ee emnisiiabanall 
_ 
Estrone | Cs-Phenolic | 2.87 
Equilin 2.95 
Equilenin. ” | 2.94 
a-Estradiol " C17-alcoholic | 2.80, 2.93 
6-Estradiol | | 2.86, 3.09 
Estriol - Cy7- and Cy¢-alcoholic | 2.86, 2.98 
a-Estradiol-3-monobenzoate C;7-Aleoholic | 2.83 
8-Estradiol-3-monobenzoate “ | 2.83 
2.78 


Stilbestrol 4- and 4’-phenolic 


and 2.86 u respectively arise from the alcoholic, whereas those at 2.93 
and 3.09 » arise from the phenolic hydroxyl groups. 

C—H Absorption—All the steroids in this series give a major band near 
3.35 u. This band, as was pointed out in the case of androgens (2), arises 
from the linear vibration of hydrogen in aliphatic C—H groups. Other 
workers (4, 5) have shown that C—H groups of benzene rings absorb 
nearer 3.25 » than 3.35 uw. It might therefore be expected that in the 
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spectra of estrogens containing benzenoid rings a separate band would 
appear near 3.25 u in addition to the aliphatic C—H band near 3.35 u. 
Such a band, however, does not appear. Hence, it may be concluded 
that aromatic and aliphatic C—H absorption bands arising from linear 
hydrogen vibrations have not been resolved in the present study. Like- 
wise in the case of the spectrum of stilbestrol, aromatic and aliphatic C—H 
bands are not resolved. However, in this compound the aromatic C—H 
band would appear to predominate, since the absorption maximum occurs 
around 3.28 u. 

Absorption bands also arise in the region near 7 » from the angular vibra- 
tion of hydrogen in C—H groups. In this region, the absorption bands 
resulting from aromatic and aliphatic C—H groups have been clearly re- 
solved. In the spectra of estrone, a-estradiol, §-estradiol, estriol, and 
equilin, the aromatic C—H bands occur in the 6.65 to 6.70 » range. In 
the case of the monobenzoates of a-estradiol and §-estradiol, in which the 
C—H groups of the benzoate structure also contribute to the absorption, 
the band occurs at 6.70 u. The presence of the two double bonds in Ring 
B of equilenin apparently causes an upward shift of the band to 6.76 u, 
while in the case of stilbestrol, with its para-substituted benzene rings, the 
band occurs at 6.62 xu. 

The bands which may be assigned to aliphatic C—H angular vibrations 
occur in the 6.85 to 6.90 u range in estrone, a-estradiol, 8-estradiol, estriol, 
a-estradiol monobenzoate, and £#-estradiol monobenzoate. In equilin 
and equilenin, they are higher, occurring at 6.93 and 6.97 u respectively. 
With stilbestrol, as with a number of androgens (2), two aliphatic C—H 
bands are resolved: one at 6.81 » and the other at 6.95 u. 

CH; Absorption—In the spectra of androgens and related steroids (2), 
a band consistently occurred in the region between 7.20 and 7.25 uw. On 
the basis of the work of Barnes et al. on the absorption of methyl group 
(4), this band was attributed to the angular methyl groups of the andro- 
genic steroids. However, of the estrogens only the following give rise to 
an absorption band in this specific region: estrone (7.23 yu), a-estradiol 
(7.23 uw), and 8-estradiol-3-monobenzoate (7.23 u). In the remainder, 
the bands closest to this region are, for a-estradiol-3-monobenzoate, 7.17 
u; for B-estradiol, 7.28 u; for estriol, 7.17 « (shoulder); for equilin, 7.32 
u; and for equilenin, 7.18 ». The reasons for this variability are not 
apparent. 

In the spectrum of stilbestrol, there is little doubt that the band of me- 
dium intensity at 7.23 » arises from absorption by the two methyl groups of 
the ethyl] side chains. 

C=0 Absorption—The only carbonyl groups encountered in the present 
study are C,; ketones and ester carbonyls. The former type is present in 
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estrone, equilin, and equilenin. In studies on androgens and related 
steroids (2), the Ci, ketone gave rise to an absorption band at about 5.75 
u. The C7 ketone of estrone also absorbs at this wave-length. However, 
the ketone absorption bands of equilin and equilenin occur at about 5.80 
u. The increased unsaturation of Ring B of these two compounds may be 
responsible for this upward shift in the wave-length. 

The ester carbonyls of a-estradiol-3-monobenzoate and §-estradiol-3- 
monobenzoate both give rise to an absorption band at about 5.77 u. 

=C Absorption—Aromatic rings are characterized by bands in the 
region of 6.20 to 6.30 u (4). Such bands arise from the vibration of con- 
jugated C=C groups in the ring. Since all the compounds under investi- 
gation here have one or more aromatic rings, their spectra may be expected 
to show bands in this region, and such is the case. In most of the spectra 
a single strong band is found. With equilin and equilenin two bands have 
been resolved in this region, one of those in equilenin being a small shoulder. 
The possible origin of these differences is the additional unsaturation of 
Ring B in these latter compounds. 

C—O Absorption—In the compounds under investigation, C—O groups 
may be divided into two classes: (a) those having a carbon with a double 
bond linkage, and (b) those having a carbon with only single bond linkages. 
To the first class belong the C—O groups found in phenolic hydroxyl 
structures. Because of the double bond linkage to the carbon, such 
groups may be expected to give an absorption band near 8.0 yu (2, 4). 
Estrone, a-estradiol, 8-estradiol, estriol, equilin, equilenin, and stilbestrol 
all contain phenolic hydroxyl groups, and all have an absorption band of 
medium to strong intensity between 7.95 and 8.05 ». In the case of a- 
estradiol-3-monobenzoate and §-estradiol-3-monobenzoate, the phenolic 
hydroxyl is esterified. Since each ester linkage has the configuration 


| | 
C—O—C, each possesses two C—O linkages with double bonds attached 


to the carbons. These C—O groups probably account for the band of 
strong intensity at 7.82 » in the spectrum of a-estradiol-3-monobenzoate 
and at 7.89 u in the spectrum of 6-estradiol-3-monobenzoate. 

The second class of C—O groups (those having a carbon with only single 
bond linkages) includes C—O groups found in alcoholic hydroxyl struc- 
tures. They may be expected to give absorption bands in the 9.0 to 10.0 
uw region (2,4). Such groups are present in a-estradiol, estriol, 8-estradiol, 
a-estradiol-3-monobenzoate, and §-estradiol-3-monobenzoate. 

a-Estradiol which has a Cy;-hydroxyl trans to a C;3-methyl, gives a band 
at 9.41 w. This is in accord with the inference made in Paper I (2) that 
steroids with a C,7-hydroxy] trans to a C,;-methyl give a band in the region 


9.35 to 9.45 yu. 
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In §-estradiol, the alcoholic hydroxyl at Cy; is cis to the C;-methyl. 
This is the same configuration as that of the C,;-hydroxy] of androstenediol- 
3(8),17(8)? (2). However, in the spectra so far obtained of these two 
steroids, there is no one outstanding band at a common wave-length among 
the several small to medium bands in the 9.0 to 10.0 u region. Because 
of this circumstance, a present prediction is unwarranted as to which band 
in the 9.0 to 10.0 uw region of the spectrum of 8-estradiol results from the 
C—O linkage of the Cy7-hydroxyl. 

The spectrum of estriol, which contains a C,;-(8)-hydroxyl as well as 
a Cy-hydroxyl, contains two major bands at 9.27 and 9.37 yw. These 
bands probably originate from the hydroxy] groups in question. However, 
at present, neither band can be assigned to a specific hydroxyl group be- 
cause of the absence of other reference spectra of steroids containing 
Cy-hydroxyls and the uncertainties of interpretation discussed in the 
previous paragraph. 

Another type of difficulty is encountered in the assignment, in the 9.0 
to 10.0 u region, of absorption bands to the C-hydroxyls of a- and 8-estra- 
diol-3-monobenzoate. In their spectra, the three strong absorption bands 
with maxima near 9.20, 9.35, and 9.70 u appear to arise from the benzoate 
portion of the molecule. Their positions and intensities are such as to 
mask absorption bands of lesser intensity arising from the C-—O vibrations 
of the Cy-hydroxyl groups. 

Other Absorption Bands—In the spectra of this group of compounds, 
there are many absorption bands which cannot as yet be assigned to spe- 
cific interatomic vibrations. However, as in the case of the androgen 
series (2), certain of these bands can be attributed to unspecified vibrations 
within specific polyatomic structural configurations of the molecules. 
This can be arrived at by cross-comparisons of the spectra, and a correla- 
tion of common structural configurations and wave-lengths of absorption. 

By such cross-comparisons, it was found that a band of medium to strong 


2In the first paper of this series (2), this compound was incorrectly referred to 
as A’-androstenediol-3(a),17(8). This error in nomenclature arose from our mis- 
interpretation of the labeling of this sample, which was received from Ciba Pharma- 
ceutical Products, Inc., in 1942 as 3(t),17(c)-androstenediol. It was assumed that 
the 3(t)-hydroxy] re“erred to was trans to the Cio-methyl, and that the 17(c)-hydroxy] 
was cis to the C,,;-methyl. The compound was therefore called A‘-androstendeiol- 
3(a),17(8), in conformity with the Fieser system of nomenclature. We have since 
learned that this sample had been labeled under the Ruzicka system of nomenclature, 
according to which a 3(t)-hydroxyl is equivalent to a3(8)-hydroxy] under the Fieser 
nomenclature. We are indebted to Dr. A. F. St. André of Ciba Pharmaceutical 
Products, Inc., for calling our attention to this error in nomenclature. The iden- 
tity of the original sample as A‘-androstenediol-3(8) ,17(8) was further established 
by a comparison of its spectrum with that of a sample of A‘-androstenediol- 
3(8),17(8) recently furnished us by Dr. St. André. 
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intensity is present in the range 8.60 to 8.70 u in all those compounds con- 
taining the structural configuration A. This configuration is present in 
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estrone, a-estradiol, 8-estradiol, estriol, equilin, a-estradiol-3-monoben- 
zoate, and 6-estradiol-3-monobenzoate. In this connection it is of interest 
that 4-hydroxy-1,2-dimethylbenzene, which has the same configuration, 
has been reported to give a strong band at about 8.65 u (4). 

Equilenin, which contains structural configuration B, gives a strong 
band just below the 8.60 to 8.70 uw range, at 8.54 u. This configuration is 
the same as is present in 6-naphthol, which has been reported to give a 
strong band at about 8.55 uw (4). Stilbestrol gives a strong band at 8.48 
u. Here the structural configuration involved is probably configuration C, 
since a number of para-substituted phenols and phenolic ethers having the 
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same configuration give bands in the region 8.45 to 8.52 u (4). 

In addition to the bands in the 8.60 to 8.70 uw region, the monobenzoates 
of a-estradiol and 8-estradiol each give a band in the 8.45 to 8.50 uw region. 
It is likely that these bands are attributable to some vibration in the ben- 
zoate part of the molecules; however, absorption spectra of other ben- 
zoates are necessary to establish this possibility. 

A second region in which a band is present in the spectra of all the 
steroids reported here extends from 11.30 to 11.42 u. This band is well 
defined, though of variable intensity, in all the compounds except a-estra- 
diol-3-monobenzoate, in which it appears as a shoulder of the strong band 
preceding it. The bands in the 11.30 to 11.42 uw region appear to be at- 
tributable to some vibration in structural configuration D, which is com- 
mon to all of the compounds. In assigning these bands to the configuration 
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D, their possible origin in configuration E, which is also common to all of 
these compounds, was considered and excluded by cross-comparisons 
with the spectra of other steroids containing configuration E. Even 





H, CH, 
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C CH; 
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though a band occurs in the 11.30 to 11.42 u region in some of the spectra 
of these other steroids, it is not consistently present as in the case with 
estrogens. 

The fact that some steroids other than estrogens give bands in the 11.30 
to 11.42 u region is not unexpected, since the wave-lengths of absorption 
arising from different atomic groupings may sometimes be very close to 
one another. For the same reason, it is also not unexpected that some 
steroids besides estrogens also give a band in the 8.60 to 8.70 u region (see 
above). This circumstance, however, does not invalidate the usefulness 
of bands in these two regions in aiding in the identification of estrogens and 
related steroids. Bands in these two regions, along with a band in the 
6.20 to 6.30 u region and a band in the 6.65 to 6.70 u region, might, together, 
be considered the ‘characteristic’ bands of these compounds. (Equilenin 
with bands at 6.21, 6.76, 8.45, and 11.38 x, is an exception.) Of all the 
steroids so far investigated, none, other than those considered in this 
paper, has a spectrum containing bands in all four of these regions. If 
an unknown steroid under investigation were to give a band of medium 
to strong intensity in each of these regions, it would be very strong pre- 
sumptive evidence that it was an estrogen. 

In conclusion, it may be pointed out that all four of these ‘‘characteristic”’ 
bands of estrogens and related steroids result from vibrations of atoms in 
the benzenoid ring of the molecules. Thus, the structural configuration 
which chemically distinguishes this group of steroids from other steroids 
also distinguishes their spectra from those of other steroids. 


SUMMARY 


1. The infra-red absorption spectra, from 2 to 12.4 yu, of various estro- 
gens and related steroids have been presented. 

2. Certain absorption bands in the spectra have been discussed in rela- 
tion to the chemical structure of these compounds. 
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3. Four of these bards, all arising from vibrations of atoms in the 
benzenoid ring of the molecules, may be used to distinguish the spectra of 
estrogens and related steroids from those of other steroids. 

| 
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THE ANTISCORBUTIC PROPERTIES OF 3-METHYL- 
ASCORBIC ACID* 


By CARL 8. VESTLING anp MILDRED C. REBSTOCKT 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, May 6, 1946) 


During a series of studies of ascorbic acid derivatives an investigation of 
the physiological activity of 3-methyl-l-ascorbic acid was undertaken. 
Bezssonov and Sacrez (1) reported in 1937 that this compound showed 
limited vitamin C activity in the guinea pig. Precise information on 
this point is of interest since such studies might contribute to a better 
understanding of the metabolism of ascorbic acid and of the processes in- 
volved in making the 3-methyl derivative available to the animal. An 
“antivitamin” response was also considered as a possibility. 

A preliminary report from this laboratory (2) recently pointed out that 
3-methylascorbic acid has marked vitamin C activity in the guinea pig. 
Experimental details and further considerations are presented in this paper. 

3-Methyl-l-ascorbic acid was first prepared by Reichstein and coworkers 
(3) and Haworth and Hirst (4) by the treatment of ascorbic acid with 
diazomethane. By a similar procedure we have obtained analytically pure, 
crystalline 3-methylascorbic acid, which has been used in these experiments. 

Young male guinea pigs were maintained on a scorbutogenic diet, supple- 
mented daily with 5, 10, or 20 mg. of 3-methylascorbic acid or 2 mg. of 
ascorbic acid (Merck, U. 8. P.). Negative control animals received no 
supplement or in some cases 50 mg. of glucose per day. In certain groups 
the supplements were fed in glucose solution by pipette; in other groups the 
supplements were injected intraperitoneally. Both preventive and cura- 
tive experiments were carried out. Growth response and blood and adrenal 
ascorbic acid levels were measured, the latter at the conclusion of experi- 
mental periods by the method of Roe and Kuether (5). 

In every case graded responses to increasing dosage levels of 3-methyl- 
ascorbic acid were observed. It is of interest that intraperitoneal adminis- 
tration appeared to be slightly superior to feeding. Daily 20 mg. supple- 
ments injected for a period of 75 days led to approximately the same growth 
responses as were noted by injecting daily 2 mg. supplements of ascorbic 


* From a thesis submitted by Mildred C. Rebstock in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in Chemistry in the Graduate 
School of the University of Illinois. 

t Present address, Research Laboratories, Parke, Davis and Company, Detroit, 
Michigan. 
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acid. In spite of such high dosage levels no “antivitamin” effects were 
noted in this work. 

In vitro studies were designed with the hope of elucidating the fate of 
3-methylascorbic acid in the guinea pig. A series of controlled hydrolyses 
was carried out under conditions of pH and temperature much more drastic 
than those existing in vive. No detectable hydrolysis was observed over 
periods of several hours. The fact that 3-methylascorbic acid exhibits 
vitamin C activity in the guinea pig is striking in view of this stability. 
Hydrolysis in vivo may, therefore, be accomplished through an enzyme- 
catalyzed reaction. The high requirement indicates a low efficiency of 
utilization. 

Evidence for hydrolysis is to be found in the presence of ascorbic acid in 
the blood and adrenal glands of animals in these experiments after 75 days 
of deficiency. Very high concentrations of the methyl derivative would be 
required to lead to such apparent levels through interference with the Roe 
and Kuether method (see “Experimental’’). It seems more logical to 
assume a rapid excretion of 3-methylascorbic acid in the urine, although 
failure in this work to devise a method for its quantitative determination 
leaves some doubt at this point. 


EXPERIMENTAL 


Preparation and Properties of 3-Methyl-l-ascorbic Acid—l-Ascorbic acid 
(Merck, U.S. P., 6 gm.) was dissolved in 90 ml. of absolute methanol. The 
solution was filtered and cooled to approximately —40° by means of a 
methyl cellosolve-CO, bath. An ethereal solution of diazomethane pre- 
pared from nitrosomethylurea (6) and similarly cooled was added dropwise 
from a separatory funnel at a fairly rapid rate until decolorization did not 
immediately follow each addition. When a precipitate separated near the 
end of the reaction, the solution was allowed to warm slightly until the 
material had redissolved before addition of diazomethane was continued. 
At the end of the reaction the solvent was removed under reduced pressure. 
Seeding the syrup with a few crystals of 3-methylascorbic acid at this step 
hastened crystallization materially. After the product had stood for a few 
hours in vacuo to complete crystallization, the solid material was taken up 
in 130 to 150 ml. of cold acetone. An insoluble residue consisting of 
unchanged ascorbic acid and 1-methylheteroascorbic acid (7) was removed 
by filtration. Crystallization was brought about by adding dry low boiling 
petroleum ether slowly to turbidity. Fine white needles, melting at 
122.0-122.5° (corrected) after three recrystallizations, were obtained. The 
yield of the three times recrystallized product was 64.9 per cent in one 


preparation. 


C7HywO. (190.15). Calculated, C 44.21, H 5.30; found, C 44.34, H 5.42 
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Two 20 mg. samples were titrated with standard alkali with phenol- 
phthalein as an indicator and required 0.89 and 0.88 moles of alkali per 
mole of compound for neutralization. To account for this reaction the 
possibility that substitution of a methyl group in the 3 position increases 
jonization in the 2 position has been suggested by Haworth and Hirst (4). 

Heating 3-methylascorbic acid with Nn NaOH resulted in the development 
of a brilliant yellow color which disappeared upon neutralization. It was 
not possible to employ this color reaction for the quantitative determina- 
tion of 3-methylascorbic acid in biological material because of the presence 
of other substances which respond similarly. 

Vitamin C Activity of 3-Methyl-l-ascorbic Acid in the Guinea Pig—Young 
male guinea pigs maintained on a scorbutogenic diet of Purina rabbit chow 
checkers (8) were employed in these studies. Daily supplements of 5, 10, 
or 20 mg. of 3-methylascorbie acid were administered orally or by intra- 
peritoneal injection. The response was compared with that of negative 
control animals and of positive control animals receiving 2 mg. of ascorbic 
acid by either route. Solutions for administration were made up with 
boiled distilled water immediately prior to use. Oral supplements were 
given in 2 ml. of a freshly prepared solution containing 50 mg. of glucose. 

All preparations of 3-methylascorbic acid were tested for residual ascorbic 
acid by titrating 40 mg. samples with 2,6-dichlorophenol indophenol. 
Values within the range, 0.005 to 0.027 mg. of ascorbic acid per 20 mg. of 
methyl derivative, were found. In view of the ascorbie acid requirement 
of the guinea pig these amounts are negligible. 

Groups of four or more animals were employed to test the various dosage 
levels and to compare oral with intraperitoneal administration. In addi- 
tion, both preventive and curative experiments were designed. A pre- 
ventive experiment involved administration of the test compound daily 
from the beginning of a period. In curative studies animals were allowed 
to develop gross symptoms of scurvy before the supplements were added. 
In the latter tests it is important to begin supplementation before the so 
called “irreversible” point, beyond which not even ascorbic acid will effect 
a cure. 

The growth response of typical experimental animals is summarized in 
Figs. 1 and 2. Table I contains a summary of the growth and analytical 
data for animals on a 3-methylascorbic acid preventive type of experi- 
ment, with supplements at the 20 mg. level. 

The growth data show conclusively that 3-methylascorbic acid has vita- 
min C activity in the guinea pig. Curves are shown for twelve out of a 
total of 68 animals on which complete studies were made. From the growth 
results it appears that 20 mg. of 3-methylascorbic acid per day make avail- 
able to the guinea pig slightly less than the equivalent of 2 mg. of ascorbic 
acid per day. 
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Obsery ation of the behavior of the animals during experimental periods 
together with an analysis of the blood and adrenal ascorbic acid levels sub. 
stantiates the above conclusions. To determine blood and adrenal ascorbic 
acid the method of Roe and Kuether (5) was employed. The blood analy. 
ses were carried out in the usual manner. 

The method was adapted for the determination of adrenal ascorbic acid 
as follows. Upon sacrificing an animal the adrenal glands were carefully 
removed, weighed quickly, and ground in a mortar with 5 ml. of 1.5 per 
cent CC]COOH and a small amount of washed sand. Filtered extracts 
and washings were diluted to 25 ml. with 1.5 per cent CC1];COOH, except 


TABLE | 
Effect of 3-Methylascorbic Acid on Blood and Adrenal Ascorbic Acid and Weight Gains 
Guinea pig Supple Method of Duration of ee Blood W eight gain, 
No ment*® administrationt; experiment " total 7” ascorbic acid 75 days 
days mz. X 100 mg. per cent gm. 
63t 27 0.41 0.05 
71tf 27 0.31 0.03 
73] 32 0.19 0.03 
39 M. O. 75 1.50 0.17 290 
10) " - 75 1.94 0.07 320 
41 . 75 2.00 0.06 323 
12 ; . 80 1.75 0.07 230 
13 ; I. 76 3.19 | 0.03 370 
14 ‘ ee 76 2.25 0.06 391 
15 : 82 3.06 0.05 430 
16 . 80 2.25 0.05 . 410 
47 A. " 77 9.45 0.17 397 
iS ‘se m 77 9.75 0.16 393 
19 = ©. 76 3.88 0.13 422 
50 sa r 76 6.43 0.15 383 
*M. = 3-methylascorbic acid (20 mg. per day); A. = ascorbic acid (2 mg. per day) 
+O. = oral; M. = intraperitoneal injection. 


t Negative controls 


in the case of negative control animals in which the dilution volume was 
12.5 ml. 10 ml. portions of the diluted extracts were added to 10 ml. of 
7.5 per cent CC],COOH, and the analyses completed in the usual manner. 
It was found necessary to prepare the 2,4-dinitrophenylhydrazine reagent 
fresh each day in order to get consistent results. ‘Table I shows summarized 
data for three negative control animals, for four positive control animals, 
and for all the animals receiving 20 mg. supplements of 3-methylascorbic 
acid in preventive experiments. 

The tissue analyses define groups of animals more sharply than do the 
growth data. In these studies a marked distinction between positive con- 
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Fig. 1. Preventive experiments. Guinea Pig 5, 10 mg. of 3-methylascorbic acid 
oral); Guinea Pig 21, negative control; Guinea Pig 30, 5 mg. of 3-methylascorbie acid 
(injection); Guinea Pig 40, 20 mg. of 3-methylascorbic acid (oral); Guinea Pig 48, 
2 mg. of ascorbic acid (injection); Guinea Pig 46, 20 mg. of 3-methylascorbic acid 
(injection). 
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| (oral); Guinea Pig 16, 10 mg. of 3-methylascorbic acid (oral); Guinea Pig 20, nega- 
, | tive control; Guinea Pig 24, 2 mg. of ascorbic acid (oral); Guinea Pig 56, 20 mg. 
ne of 3-methylascorbic acid (oral); Guinea Pig 74, 20 mg. of 3-methylascorbic acid 
M- (injection). The arrows indicate the beginning of daily supplementation. 
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trol animals and the group receiving 20 mg. supplements of 3-methyl- 
ascorbic acid exists. 

The following experiment was designed to test the possibility of inter. 
ference of 3-methylascorbic acid with the Roe and Kuether method. Vary- 
ing amounts of analytically pure material were added to samples of fresh 
rabbit blood. When a concentration of 40 mg. per cent of 3-methylascorbiec 
acid was used, an interference of 0.28 mg. per cent was found. If this 
interference ratio (143:1) is applied to the adrenal analyses in the case of 
Guinea Pig 46 (the weight of the adrenal glands = 315 mg.), the presence 
of 3.2 mg. of 3-methylascorbic acid is indicated. The total amount of 
ascorbic acid present in normal guinea pig adrenal glands is about 0.05 to 
0.10 mg. (see Table I). It seems unlikely, therefore, that the analytical 
data for adrenal tissue are affected by the presence of 3-methylascorbic acid. 

In the preventive experiments of long duration the animals receiving 
3-methylascorbic acid were less active than positive controls. This is par- 
ticularly true of those animals receiving the derivative orally. One member 
of this latter group showed a definite “scurvy”’ involvement of the hind 
limbs, which observation is consistent with the idea that a state of mild 
vitamin C deficiency existed. In addition, in curative experiments at the 
20 mg. level the animals receiving 3-methylascorbic acid seemed to recover 
more slowly than ascorbic acid controls. 

The metabolism of 3-methylascorbic acid is an interesting problem. The 
high requirement and a consideration of data from the animal experiments 
which have just been described indicate that the derivative itself is not 
utilized but undergoes conversion to ascorbic acid in the animal. Such a 
process appears to be inefficient. Experiments were, therefore, designed to 
investigate hydrolysis. 

In Vitro Hydrolysis of 3-Methyl-l-ascorbic Acid—The following procedure 
was employed in these studies. Samples of 13 mg. of ascorbic acid and 
14 mg. of 3-methylascorbic acid were dissolved in 25 ml. portions of con- 
ductivity water at a given pH and temperature. Previous to the addition 
of the above substances the water had been deaerated with wet, oxygen- 
free nitrogen for 30 minutes. During the experimental period a continuous 
stream of nitrogen was conducted through all systems and the temperature 
was controlled by means of a water bath. From time to time 1 ml. samples 
were withdrawn, acidified, and titrated immediately with standardized 
2 ,6-dichlorophenol indophenol (concentration 50 mg. per 600 ml.). 

At pH 1.6 substantially no ascorbic acid was destroyed in the control 
system. The conclusion that no hydrolysis occurs under these conditions 
is justified, since no ascorbic acid could be detected in the 3-methy] system. 

At pH 11.1 the situation is comparable. However, a slow destruction 
in the ascorbic acid system was observed so that traces of hydrolysis might 
have escaped notice. 
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In 1.0 N NaOH, under which conditions the lactone ring is opened and 
ascorbic acid destroyed, the results were somewhat irregular, but there were 
no indications that ascorbic acid was formed from 3-methylascorbic acid. 
The solution of methyl derivative was observed to turn yellow while that 
of ascorbic acid itself turned lavender with heating. 

In Vivo Hydrolysis of 3-Methyl-l-ascorbic Acid—Attempts to demonstrate 
in vivo hydrolysis by a rise in the blood ascorbic acid level of rabbits receiv- 
ing 10 and 12.2 mg. of the methyl derivative per kilo by way of the ear vein 
led to negative results. No rise in blood ascorbic acid could be detected 
when samples were taken at intervals and analyzed by the Roe and Kuether 
procedure. However, a slow rate of hydrolysis would not be detected 
under these conditions. 

The possibility of an enzyme-catalyzed reaction was considered. Pre- 
liminary attempts to isolate an enzyme system from the following guinea 
pig tissues were made: liver, kidney, adrenal, small intestine, blood. Each 
material except blood was placed in Ringer-Locke’s solution (9), ground 
briefly with sand, and tested for hydrolytic activity. Control systems con- 
tained ascorbic acid. No increase in indophenol-reducing activity was 
detectable in any system after 33 hours incubation at 37°. This negative 
result must, of course, be checked by a more carefully restricted technique. 


SUMMARY 


The antiscorbutie properties of pure, crystalline 3-methylascorbic acid 
have been investigated in a series of preventive and curative experiments on 
young male guinea pigs. Daily supplements of 20 mg. of 3-methylascorbic 
acid, when fed or injected intraperitoneally, provide the guinea pig with 
slightly less than the equivalent of 2 mg. of ascorbic acid. Intraperitoneal 
injection results in more efficient utilization of the derivative than oral 
administration. 
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URINARY EXCRETION OF a-AMINO NITROGEN FOLLOWING 
INTRAVENOUS ADMINISTRATION OF AMINO 
ACID MIXTURES 
By ROBERT H. SILBER, A. O. SEELER, ann E. E. HOWE 
WITH THE TECHNICAL ASSISTANCE OF G. RICHARDS 


(From the Merck Institute for Therapeutic Research and the Research Laboratories 
of Merck and Company, Inc., Rahway, New Jersey) 


(Received for publication, April 27, 1946) 


It has recently been reported (Howe, Unna, Richards, and Seeler (1)) 
that an amino acid mixture consisting largely of the essential amino acids 
in their natural form can be administered to dogs intravenously without 
gross ill effect at much faster rates than can a similar mixture which con- 
tains a larger proportion of racemic amino acids. Since the rapid admin- 
istration of amino acids might result in their increased loss in the urine, as 
suggested by Elman and Weiner (2), experiments were undertaken to deter- 
mine whether the practical advantages offered by an increase in the rate 
of infusion might be offset by a greater loss of amino acids in the urine. 

Studies were also carried out on the relation of the urinary excretion of 
a-amino nitrogen both to the type of amino acid preparation infused and 
to the state of protein depletion of the animal. The rate of removal from 
the circulation was determined by measurement of the plasma amino acid 
levels, and urines were analyzed for the ten essential amino acids by the 
procedure of Stokes, Gunness, Dwyer, and Caswell! (3). 


Methods 


In all experiments on the relation of amino acid excretion to the rate of 
infusion three healthy adult mongrel dogs weighing 10.3 kilos were used. 
These animals presumably had normal protein stores, as they had been 
maintained for several months on a diet of Gaines’ dog meal supplemented 
with horse meat and milk. Food was withheld 18 to 24 hours before each 
infusion and the interval between infusions was not less than 4 days. The 
amino acid solutions were injected into a leg vein by means of a variable 
speed perfusion pump. In one experiment the amino acids were introduced 
by stomach tube. The dogs were placed in metabolism cages immediately 
after the injections, and 24 hour urines were collected under toluene. Sam- 
ples of venous blood were withdrawn immediately before infusion and at 
intervals of 5, 30, 60, and 180 minutes afterwards. 

1 We are greatly indebted to Dr. J. L. Stokes of the Microbiological Laboratories 
of Merck and Company, Inc., for all microbiological assays reported in this com- 


munication. 
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The experiments on the relation of amino acid excretion to the state of 
protein depletion of the dogs were carried out on the same three animals, 
The dogs were placed on Diet 621, which contains 0.01 per cent nitrogen 
(Kjeldahl): dextrose 71 per cent, Crisco 21 per cent, Mazola 0.15 per cent, 
Salt Mixture 1 (U.S. P. XI) 3 per cent, bone ash 2.85 per cent, and cod 
liver oil 2 per cent. Each dog was given a daily supplement of 1.0 mg. of 
thiamine, 1.0 mg. of riboflavin, 1.0 mg. of pyridoxine, 20 mg. of nicotinic 
acid, 40 mg. of calcium pantothenate, 200 mg. of inositol, and 200 mg. of 
choline chloride. The adequacy of a similar diet, including 30 per cent 
of casein as the source of nitrogen (Diet 620), for maintenance of dogs has 


TABLE I 


Per Cent Composition of Amino Acid Mixtures 


Mixture Vuj Mixture VujN 

1(+)-Arginine HCl 8.0 8.0 
l(+)-Histidine HCI1-H,O 4.0 $.0 
1(+)-Isoleucine 7 4 
dl-Isoleucine 10.8 
1(+-)-Leucine 15.4 17.5 
1(+)-Lysine HCl 12.3 12.3 
l(—)-Methionine 5.5 
dl-Methionine 6.1 1.2 
1(—)-Phenylalanine 8.7 
dl-Phenylalanine 6.9 
l(—)-Threonine 7 
dl-Threonine 10.8 7.4 
dl-Tryptophane 1.8 1.8 
1(+)-Valine 6.1 
dl-Valine 13.9 
Glycine 10.0 10.0 

Total 100.0 92.0 


been reported previously from this laboratory (Silber (4); Seeler and 
Silber (5)). 

The amino acid mixtures were infused after the dogs had been on the 
protein-free diet for 10, 20, 30, and 35 days. To determine the effect of 
other dietary protein levels on excretion of intravenously administered 
amino acids, the dogs were each subsequently fed, in addition to Diet 621, 
a daily supplement of 10 gm., 20 gm., and finally 60 gm. of casein plus 50 
gm. of horse meat for 20 day periods. At the end of each feeding period, 
an amino acid mixture (VujN) was administered as before, at the rate of 
6 mg. of N per kilo per minute, 
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The composition of the two amino acid preparations is shown in Table I. 
Mixture Vuj was devised and studied by Madden and Clay (6) and has 
been used clinically. This mixture contains 50 per cent of its amino acids 
in racemic form and henceforth will be referred to as the racemic mixture. 
Mixture VujN has been described by Howe et al. (1) and is very similar to 
mixture Vuj in its amino acid pattern, but only 10 per cent of its amino 
acids is in the racemic form. 8 per cent of the nitrogenous material of this 
mixture has not been identified, but probably consists of non-essential 
amino acids in the / form. This mixture will be referred to as the natural 
mixture. 

The mixtures were administered as 8 per cent solutions at pH 6.8. The 
nitrogen content of the solutions was approximately 1.1 gm. per 100 cc., 
of which about 0.84 gm. was a-amino nitrogen. In all experiments the 
total amount of nitrogen administered was 220 mg. per kilo. Control 
urines were collected for analysis once while the dogs were on stock diet and 
the day previous to each test thereafter. 

a-Amino nitrogen determinations were performed by the ninhydrin 
procedures (Hamilton and Van Slyke (7); Van Slyke, MacFadyen, and 
Hamilton (8)), total nitrogen by micro-Kjeldahl with selenium and perox- 
ide for digestion, and urea and ammonia nitrogen by the Conway diffusion 
method (Conway and O’Malley (9)). Serum protein levels were deter- 
mined by the method of Lowry and Hastings (10). 


Results 


The total amounts of a-amino nitrogen recovered from the urines in 24 
hours, following the intravenous administration of the racemic and the 
natural amino acid mixtures at rates of 2, 6, and 12 mg. of nitrogen per 
kilo per minute, are shown in Table II. For comparison the 24 hour excre- 
tion data following the oral administration of an equivalent amount of the 
natural mixture are shown. In addition the amounts of a-amino nitrogen 
excreted by the dogs during 24 hours of fasting and during 24 hours on a 
normal diet are given. The figures in parentheses give the percentage 
recovery in terms of the total amount of a-amino nitrogen administered. 

The difference in a-amino nitrogen excretion after infusion of the two 
mixtures at all three rates was striking. The amount of a-amino nitrogen 
recovered in the urine was consistently greater after the infusion of the 
racemic mixture than after infusion of the natural mixture. The amount 
of a-amino nitrogen found in the urine after the racemic mixture was given 
increased in rough proportion to the rate of infusion. When the natural 
mixture was given intravenously at the slow rate (2 mg. of N per kilo per 
minute), the amount of a-amino nitrogen in the urine was no greater than 
that excreted by the dogs on a normal diet or when the same mixture was 
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TaBLe I] 


{mino Nitrogen after Administration of Amino Acid Miztures, 


r 
Va pe r Ph Hours* 
Intravenous, mixture 
Oral Vuj } VujN Vu VujN | Vuj VujN 
Mixt : : 
VujN N, mg. per kilo per min 
2 2 6 6 12 12 
75 (3)| 230 (12)| 130 (6 340 (18)! 265 (13)! 450 (25)) 245 (13) 
05 ( 205 (11 GO (4 360 (20); 220 (11)} 385 (21)} 200 (10) 
$)/ 220 (11 50 (2 355 (20); 280 (15 $10 (22)| 335 (16 
nth ses represent the per cent oOo} the dose excreted 
ras.e If] 
Levels after Intravenous Infusions (Averages, in Mg. Per 
C¢ i . i Oo Dogs 
Time after infusion 
0; 5 min | 30min | 60 mit 180 min. 
} ' 
Mixture VujN 
” per 
ke Ser 
min 
Oral :.2 5.2 8.5 10.8 5.1 
2 1.5 10.6 ae 5.6 5.3 
6 ».4 29.0 12.2 8.1 5.4 
12 1.6 38.0 2.8 10.2 6.5 
6 5.1 19.0 11.8 8.4 6.1 
6 5.1 18.8 12.4 8.5 6.0 
6 2 23.0 12.3 8.8 6.1 
hn per da 6 9.6 23.5 14.9 10.3 6.1 
n per da 6 1.6 23.2 12.3 S.0 1.5 
ind 50 ( t.S 25.5 2.0 8.2 1.7 
\ 0 da 
Mixture Vuj 
2 4.1 9.8 6.7 5.5 4.7 
6 6.4 26.6 12.9 9.7 5.9 
2 1.2 36.5 15.0 8.0 | 5.0 
6 5.7 25.3 6.2 
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given orally. When the rate of infusion was increased from 2 to 6 mg. of 
N per kilo per minute the excretion increased about 3-fold. However, in 
contrast to the results with the racemic mixture, when the rate of infusion 
of the natural mixture was increased from 6 to 12 mg. of N per kilo per 
minute, there was no increase in amino acid excretion. 

When the control urines and the urines collected after administration of 
Mixture VujN were hydrolyzed with 20 per cent hydrochloric acid for 6 
hours at 120°, the a-amino nitrogen concentration of the urines increased, 
but the increase was no greater in the urines of dogs given Mixture VujN 
than in the control urines. The total amount of ‘bound’ a-amino nitro- 


TABLE IV 
Weights (Kilos) and Serum Protein Values (Gm. Per Cent) of Dogs on 
Experimental Diets 


Protein-free Diet 621 


Dog 0 day 10 days 20 days 30 days 
No a 
rath Serum tes Serum - Serum etnies Serum 
Weight protein Weight protein Weight protein Weight protein 
333 10.3 5.0 10.0 | 4.9 9.5 5.2 9.4 4.5 
530 10.3 5.0 9.8 5.5 9.0 1.6 8.4 1.9 
535 10.3 6.5 9.9 41.9 9.2 5.3 8.9 1.8 
' P Diet 621 + 60 gm 
. : Diet 621 + 10 gm Diet 621 + 20 gm : y. 
P 2 casein and 50 gr Pg 
| Protein-free Diet 621 casein per day casein per day casein rd ; gm meat 
35 days 20 days 20 days 20 days 
tas | Serum tots Serum Tater Serum leigl Serum 
Weight protein Weight protein Weight protein Weight protein 
333 9.1 4.1 9.15 4.7 9.85 5.1 10.75 5.4 
530 8.3 4.3 8.1 4.7 S.5 5.3 10.15 5.55 
535 8.5 4.5 8.7 4.8 9.45 5.3 10.75 5.95 


gen excreted by the dogs when fed the stock diet averaged 45 mg. per day; 
when infused at rates of 2, 6, and 12 mg. of N per kilo per minute, 35, 37, 
and 46 mg. per dog per day, respectively. After Mixture VujN infusion 
to protein-depleted dogs, 46 mg. of ‘“‘bound”’ a-amino nitrogen were ex- 
creted in 24 hours. 

5 minutes after the infusions the plasma levels were found to be elevated 
roughly in proportion to the rate of administration (Table III), but in all 
experiments the levels were approximately normal at the end of 3 hours. 

| No significant difference in plasma levels was observed after the admin- 
| istration of the two mixtures at the same rates. Following oral adminis- 
tration, the highest plasma concentration was observed after 1 hour. 
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On completion of the experiments described above, the three dogs were 
placed on the protein-free diet. The data in Table IV show the effect of 
this diet on body weight and serum protein levels. Infusion was carried 
out at 10 day intervals with the natural mixture at a rate of 6 mg. of N per 
kilo per minute. The amount of a-amino nitrogen excreted in the urine 
decreased when the dogs were depleted (Table V). After 20 days on the 
protein-free diet there was as little amino nitrogen excreted following 
fairly rapid intravenous administration of the natural amino acid mixture 
as there was when the mixture was given by mouth to the same dogs before 
depletion. When the dogs were deprived of protein for 35 days, neither 


TABLE V 


Effect of Dietary Protein Level on Excretion of a-Amino Nitrogen (Mg. Per 24 Hours 
J . | 9 g 
Following Intravenous Infusion of Amino Acid Mixtures at 6 Mg. of N Per Kilo 
Per Minute* 





Diet 621 | Diet 621 | Pict 621 + 
; : + 10 gm + 20 gm. A. gprs 
Protein-free Diet 621 casein per | casein per _ bond 
Dog No day ad 7 per day 
Mixture Mixture | Mixture | Mixture | Mixture | Mixture | Mixture Mixture Mixture 
Vuij, VujN, VujN, VujN, VujN, Vuj, | VujN, 20 VujN, 20 VuiN, 20 
0 day 0 day 10 days | 20 days | 30 days | 35 days days days days 
333 | 340 | 265 | 145 | 95 | | 170 | 235 | 325 
(18) (13) (7) (5) | (10) |; (138) | (17) 
530 360 220 | 140 | 95 120 195 | 110 150 | 265 
(20) | (11) (7) | (5) (7) | (13) (7) (9) (14) 
535 | 355 280 170 | 105 165 380 260 290 
(20) (15) (9) (6) (10) | (22) | (15) | (15) 


* The figures in parentheses represent the per cent of the dose excreted. 


urinary nor plasma levels showed a consistent increase in retention of the 
racemic mixture. 

When the dogs were fed 10 gm. of casein per day for 20 days, with no 
increase in weight and very little increase in serum protein level, the excre- 
tion of amino acids after infusion of the natural mixture was the same as 
that found after withholding protein for 10 or 30 days. After feeding 20 
gm. of casein per day for 20 days, however, there was definite improvement 
in weight and serum protein levels, and the increased urinary loss of amino 
acids after infusion indicated that the protein reserves had been replaced. 
After consuming the high protein diet, the dogs recovered completely and, 
when infused with the natural mixture the amino acid content of the urine 
was slightly greater than when the dogs were fed the stock diet. 

After administration of about 2 gm. of nitrogen in the form of amino 
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acid mixtures, the total nitrogen in the urine generally increased about 1 
gm. over that excreted by the fasting dogs before dosing. While the dogs 
were maintained on the stock diet, the urea nitrogen made up 70 to 80 per 
cent and the ammonia nitrogen about 5 per cent of the total nitrogen 
whether the dogs were dosed, fasted, or fed. When the protein intake had 
been restricted for 30 days the 24 hour fasting excretion of nitrogen de- 
creased to 0.71 gm., of which only 40 per cent was urea nitrogen and 20 
per cent was in the form of ammonia. Typical data have been summarized 
in Table VI. 


TaBLeE VI 
Nitrogen Analyses of Urines of Dogs Given Mixture VujN (Averages, in Gm. of N 
Per 24 Hours) 


Stock diet Protein-free diet 














, P york —— sth | - | 30th 
ae . ntra- | 9th day, ay, |19thday,| day, {29th day,| day, 
Fasted | Fed | Oral vonnas | fasted | intra- | fasted | intra- " fasted ‘ Poe 
venous } venous | |venous 
Dose, N 2.28 | 2.36 2.17 | 2.03 | | 1.89 
Total “ 2.75 | 8.2 | 3.71 | 5.06 | 1.27 | 2.24 | 0.83 | 1.52] 0.71 | 1.73 
Urea ‘“‘ 2.15 | 6.3 | 2.59 | 4.13 | 0.66 1.32 | 0.37 | 0.81 | 0.31 | 0.55 
NH;-N 0.09 | O. 16, 0.25 | 0.25 0.12 0.13 0.09 0.23 | 0.14 | 0.54 
a-NH2-N 0.02°| 0.07) 0.09 | 0.26 | 0.014 | 0.15 | 0.015 | 0.10 | 0.015 0.14 
| | | | \ 
Protein-free diet + 10 gm. Protein-free diet + 20 gm. were gm. 
casein daily casein daily meat daily 
19th day, 20th day, 19th day, 20th iw. ut 19th day, b 20th day, 
fasted intravenous fasted intravenous fasted | intravenous 
Dose, N 1.96 | 2.06 i | 2. 
Total “ 1.2 1.36 | 0.94 | 2.06 | 3.76 | 4.08 
. -—— - | ‘ 
Urea ‘ 0.66 0.77 0.45 1.40 2.63 | 2.50 
NH;-N 0.14 0.069 0.26 0.28 0.19 0.19 
a-NH.-N 0.015 0.14 0.015 0.22 0.024 0.29 


Microbiological assays showed that, although the pattern of the essential 
amino acids excreted in the urine did not resemble the pattern of amino 
acids administered (Figs. 1 and 2), it was essentially the same whether the 
dogs had normal or subnormal protein reserves at the time of infusion. 
The proportions of lysine, threonine, and histidine were higher in the urine 
than in the mixtures infused. Arginine was excreted in about the same 
proportion as it was administered. The remaining six amino acids were 
found in the urine in smaller proportions than in the mixture. The frac- 
tions of histidine, threonine, and lysine which were found in the urine after 
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infusion of the natural mixture ranged between 13 and 15 per cent of the 
amount administered, whereas only 1.5 to 3 per cent of the tryptophane, 
leucine, methionine, phenylalanine, isoleucine, and valine was excreted 
(Fig. 3). 

DISCUSSION 

Rapid infusion of the natural mixture (containing 10 per cent racemic 
amino acids) into normal dogs resulted in the loss of only 13 per cent of the 
amino acids in the urine. Since 4 per cent was lost even after oral or slow 
intravenous administration, the net loss resulting from the increased rate 
was only 9 per cent. 

However, when the racemic mixture (containing 50 per cent racemic 
amino acids) was infused at the rapid rate (12 mg. of N per kilo per min- 
ute), 23 per cent was lost in the urine. At the slow rate (2 mg. of N per 
kilo per minute) 11 per cent was excreted. Thus, the higher concentration 
of racemic amino acids apparently was responsible for the urinary loss of 7 
to 10 per cent more of the mixture. Calculations based on microbiological 
assays for the ten essential amino acids indicated that there was a larger 
proportion of d forms in the urines of dogs given this mixture. Since the 
plasma levels of a-amino nitrogen were almost identical, whether the 
infused mixture contained 5 per cent or 25 per cent d-amino acids, it issug- 
gested that the increased urinary amino acid excretion in the latter case 
resulted from a lower kidney threshold for the d forms. 

It is of interest that the excretion did not vary directly with the rate of 
infusion, particularly at the higher rates. There was no increase in urinary 
amino acid when the rate of administration of the natural mixture was 
increased from 6 to 12 mg. of N per kilo per minute. Furthermore, when 
the rate of infusion of the racemic mixture was similarly doubled, the loss 
in the urine increased only slightly, from 19 to 23 per cent. 

A state of depleted protein reserves, induced by feeding a diet free of 
protein, decreased the urinary loss of the natural mixture by 50 per cent 
without showing any increase in plasma levels, although the decrease in 
blood volume in such dogs (Weech, Wollstein, and Goettsch (11)) might be 
expected to cause an increase in plasma levels. It has been reported by 
Goettsch, Lyttle, Grim, and Dunbar (12) that, when dogs on low protein 
diets are given amino acid mixtures intravenously, the plasma amino acid 
levels are elevated as a result of a reduction in the deaminating function 
of the liver. According to Elman and Heifetz (13), liver damage parallels 
the decrease in serum protein level in such dogs. However, there is no 
evidence that the deaminating function of the liver was disturbed in the 
above experiments. 

On the basis of the decreased excretion of the natural mixture by dogs 
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fed the protein-deficient diet and the slightly increased excretion by dogs 
fed a high protein diet, it appears that a test of protein reserves might be 
feasible, with a standardized amino acid mixture and uniform rate of infu- 
sion. As in other tests of this type, it is obvious that pathological states 
which interfere with the normal excretory function of the kidney or utiliza- 
tion of the test material (amino acids) tend to invalidate the results. After 
feeding dogs the protein-free diet for 35 days, the subsequent feeding of 
about 1 gm. of casein per kilo per day was insufficient to restore body 
weights and serum protein levels to normal, and the excretion of amino 
acids after administration of the natural mixture was no greater than when 
the protein-free diet was supplied. However, when the daily casein intake 
was doubled, the animals appeared to be practically normal after 20 days 
and their excretion of amino acids after infusion of the natural mixture 
averaged 12 per cent. Before depletion 13 per cent was excreted after 
infusion of this amino acid mixture at the same rate. When the dogs were 
infused after consuming the high protein diet, 15 per cent of the adminis- 
tered amino acids was excreted in the urine. 

The similarity of the patterns of the essential amino acids in the urines 
of dogs with normal and subnormal protein reserves after infusion of an 
amino acid mixture indicates that the dog retains approximately the same 
combination of amino acids, whether depleted or not. The quite different 
pattern of the amino acid mixture administered from that of the excretion 
pattern suggests that the mixture may not be ideal—that the proportion 
of amino acids in the mixture is not the same as that utilized by the dog, or 
that certain amino acids are lost in the urine in disproportionately large 
amounts as a result of differences in kidney clearance (Pitts (14)). If the 
first hypothesis is correct, lysine, threonine, and histidine are present in 
excess in the mixture, and others are lacking. However, if the second 
hypothesis holds true, the mixtures might be altered in the reverse manner 
to make up for the inability of the kidney to retain these three amino acids. 


SUMMARY 


1. The intravenous infusion of 220 mg. of nitrogen per kilo in the form 
of an amino acid mixture (VujN), consisting essentially of the / forms, to 
normal dogs at a fast rate (12 mg. of N per kilo per minute) resulted ina 
loss of 13 per cent in the urine. When the mixture was administered intra- 
venously at one-sixth this rate, or orally, 4 per cent appeared in the urine. 

2. When a mixture containing 50 per cent racemic amino acids (Mixture 
Vuj) was infused at the fast rate, 23 per cent was lost in the urine. At three 
rates of infusion, 6 to 10 per cent more of this mixture was excreted than 
after infusion of the mixture which contained only 10 per cent racemit 
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amino acids. This appeared to be due to a lower kidney threshold for d- 
amino acids. 

3. The urinary excretion of amino acids by dogs given an amino acid 
mixture intravenously decreased 30 to 50 per cent during protein depletion. 
A daily dietary supplement of 10 gm. of casein to the previously depleted 
dogs had little, if any, effect on excretion of the amino acid mixture. The 
urinary excretion of amino acids after infusion of the amino acid mixture 
was essentially the same whether the dogs were fed the stock diet or 20 gm. 
of casein per day, but after increasing the protein intake by feeding 60 gm. 
of casein and 50 gm. of meat daily, the excretion of the amino acid mixture 
was slightly increased. These results indicate that amino acid excretion 
after infusion of a standardized amino acid mixture might reflect the state 
of protein reserves. 

4. The pattern of the essential amino acids in the urines of dogs given 
amino acid mixtures did not resemble the pattern of the mixtures infused, 
and was not greatly altered by protein depletion. 
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STUDIES ON THE MERCAPTURIC ACID SYNTHESIS 
IN ANIMALS 


XIV. ON THE SYNTHESIS OF MERCAPTURIC ACIDS IN MAN* 


By JAKOB A. STEKOLT 


(From the Department of Chemistry, Fordham University, New York, and the 
Department of Biochemistry, Vanderbilt University Medical School, 
Nashville) 


(Received for publication, May 2, 1946) 


Several species of animals are able to synthesize the corresponding mer- 
capturic acids from ingested halogenated benzenes (2), naphthalene (3), 
anthracene (4), benzyl chloride (5), and p-bromobenzyl bromide (6). The 
synthesis of the above mercapturic acids was established by the isolation 
of the acids from the urine of animals and identification of the substances 
by analysis and comparison with authentic synthetic products. 

Circumstantial evidence for the synthesis of the corresponding mercap- 
turic acids in animals from administered phenanthrene (7), benzene (8), 
diphenyl (9), cholic acid (10), methylcholanthrene, pyrene, and 3 ,4-benz- 
pyrene (11), and “‘butter yellow” (12) has also been presented, but, so far, 
to our knowledge no demonstration of such a synthesis in any animal 
species has been reported. 

The difficulties connected with the administration of these potentially 
dangerous substances to human beings account for the fact that no direct 
evidence for the synthesis of mercapturic acids in man has been reported. 

We have administered S-p-bromophenyl and S-benzyl derivatives of 
cysteine to human subjects and isolated from the urine the corresponding 
mercapturic acids. Although incomplete for conclusive demonstration of 
a direct synthesis of the corresponding mercapturic acids from bromoben- 
zene and benzyl chloride, the data furnish the first direct evidence for the 
synthesis of mercapturic acids in man from the cysteine derivatives of sub- 
stances which have been demonstrated to yield mercapturic acids in 
animals. 


EXPERIMENTAL 


Preparation of Cysteine Derivatives—S-Benzyl derivatives of cysteine 
were prepared by reduction of /-cystine in liquid ammonia with metallic 

* A portion of the data was published in a preliminary report (1). The publica- 
tion of the complete data was delayed by our service overseas during the war. 

t Present address, Amino Products Research Division, International Minerals 
and Chemical Corporation, Rossford, Ohio. 
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sodium, followed by benzylation with benzyl chloride and racemization of 
the resulting S-benzyl-l-cysteine to S-benzyl-dl-cysteine. The latter was 
then resolved into its component isomers (13). S-Benzyl-dl-cysteine had 
melting point of 155-156° and a 2 per cent solution in 1 N NaOlI showed no 
optical activity. S-Benzyl-d-cysteine had a melting point of 216-218° and 
a 1 per cent solution in 1 N NaOH had an optical rotation of [a]? = —24°, 
S-Benzyl-l-cysteine also melted at 216-218° and a 1 per cent solution in 
1 n NaOH had an optical rotation of [a]?4 = +23°. 

p-Bromophenyl-l-cysteine was prepared from p-bromophenylmercap- 
turic acid which was isolated by us in the course of past years from the 
urine of various animals. p-Bromophenyl-l-cysteine had a melting point 
of 192-193° and a 1 per cent solution in 0.2 N NaOH had an optical rotation 
of [a]?4 = + 17.3°. All the substances were analytically pure, as was 
indicated by analysis for carbon, hydrogen, nitrogen, sulfur, and bromine. 
The corresponding acetyl derivatives of p-bromophenyl-l-cysteine and of 
dl, d, and 1 isomers of S-benzyleysteine were prepared by acetylation with 
acetic anhydride. The substances were analytically pure and showed the 
correct optical rotation. In all cases, the excretion products which were 
isolated from the urine were analyzed and their properties were compared 
with those of the synthetic products. 

Feeding Experiments—The author and a female volunteer were used as 
subjects in this study. Both subjects were in good health and apparently 
normal. Each compound was fed with water after a meal on three different 
occasions to each of the subjects. The urine was collected during the 24 
hours following the ingestion of the substance. The author ingested 3 gm. 
and the other subject 2 gm. of each of the cysteine derivatives in each ex- 
periment. No ill effects of any kind were observed objectively or subjec- 
tively upon ingestion of any of the substances. Upon ingestion of &- 
benzylcysteine derivatives, a mild stinging of the mucous membranes of 
the mouth and a somewhat unpleasant odor persisted for about 5 hours. 
Both subjects were on an ordinary mixed diet which was apparently free 
from benzoic acid. Upon completion of the feeding experiment with each 
substance, a week’s interval was allowed before proceeding with the next 
feeding. 

Isolation Procedure—In general, the procedure for the isolation of the 
excretion products of S-benzylcysteine was as follows: The 24 hour sample 
of urine was made neutral to litmus paper and evaporated under reduced 
pressure to one-fourth its volume, cooled, and the pH adjusted to 7. The 
separated material was removed by filtration, treated with dilute ammonia, 
centrifuged to remove insoluble matter, and the supernatant liquid was 
decolorized with a small amount of norit' and filtered. The filtrate was 


1 Mercapturic acids are readily adsorbed on norit, from which they can be eluted 
with ethanol. Decolorizing carbon in the isolation procedures involving acetylated | 
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exactly neutralized with dilute hydrochloric acid. The separated ma- 
terial was recrystalliaed three times from hot water. In this manner, 
S-benzyl-d-cysteine was isolated from the urine. 

The filtrate from the material which separated at pH 7 was acidified with 
HCl (strong acid to Congo red paper) and extracted with eitherethyl ether or 
ethyl acetate. Satisfactory results were obtained with either solvent. The 
ether or ethyl acetate extract was evaporated to dryness under reduced 
pressure, and the residue was dissolved in boiling water, decolorized with a 
small amount of norit, and filtered hot. On cooling, the acety] derivatives 
separated. On acidification of the filtrate, hippuric acid contaminated 
with the acetyl derivatives of S-benzyleysteine separated out. The iso- 
lated products were purified by repeated recrystallization from hot water. 
N-Acetyl-S-benzyl-l-cysteine was separated from the di isomer by fractional 
crystallization of the isolated mixture of the acetyl derivatives from ethanol. 
Considerable losses of both products were suffered and the yields of these 
derivatives which are reported below are minimal. 

The acetyl derivatives of S-benzylcysteine can be isolated first from the 
acidified concentrated urine, followed by the isolation of S-benzyl-d- 
cysteine from the neutralized filtrate. Either method was found satis- 
factory in recovery studies on normal urines to which S-benzyleysteine, 
d- or l-, and all the isomers of the acetyl derivative were added together or 
separately. 

After feeding p-bromophenyl-l-cysteine, p-bromophenylmercapturic acid 
was isolated from the concentrated urine by the chloroform extraction 
procedure of McGuinn and Sherwin (15). 

Results 

3.0 gm. of S-benzyl-l-cysteine were ingested and 1.2 gm. of N-acetyl-S- 
benzyl-l-cysteine were isolated from the urine. The substance was ana- 
lytically pure and proved to be identical with the synthetic material, as is 
indicated by the analytical data shown below. 


Cc H N S Acetyl Mp. [a\** 

°C, 
Synthetic Cy2Hi;SNO3. 56.95 5.93 5.54 12.65 16.98 143-144 —44 
Found. 56.78 6.01 5.64 12.33 16.75 143 —43 


Similar results were obtained in five additional experiments on the two 
subjects. 

3.0 gm. of S-benzyl-d-cysteine were ingested. 200 mg. of N-acetyl-S- 
benzyl-l-cysteine, 480 mg. of N-acetyl-S-benzyl-dl-cysteine, 460 mg. of 
S-benzyl-d-cysteine, and 160 mg. of hippuric acid were isolated from the 





amino acid derivatives should be used judiciously. Lawrie (14) employed ‘‘Merck’s 
medicinal charcoal”’ for the isolation of p-iodophenylmercapturic acid from rat and 


rabbit urine. 
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urine. In the analytical data on the isolated material (a) represents N- 
acetyl-S-benzyl-l-cysteine, (b) N-acetyl-S-benzy]-dl-cysteine, (c) S-benzyl-d- 


cysteine, and (d) hippuric acid. 


( H N S Acetyl Mp. [alt 
. 
a) Synthetic CwHi,SNOs. 56.95 5.93 5.54 12.65 16.98 144 —44 
Found. 56.90 5.82 5.43 12.40 16.73 1438 —43 
(b) Synthetic CwHiSNOs;. 56.95 5.93 5.54 12.65 16.98 155-156 0 
Found. 56.87 5.81 5.53 12.55 16.45 155-157 0 
(c) Synthetic CipHysSNOs. 56.87 6.16 6.64 15.16 216-218 —24 
Found. 56.73 6.00 6.60 15.00 216-217 24 
(d) Synthetic CsH,NOs. 60.04 5.03 7.82 187 
Found. 59.74 5.26 7.65 187 


Similar results were obtained on repeated administration of S-benzyl-d- 
cysteine to both subjects. 

3.0 gm. of S-benzyl-di-cysteine were ingested. The qualitative results 
were similar to those obtained with S-benzyl-d-cysteine, except that no 
hippuric acid could be isolated. The latter might have been present in the 
urine, but it escaped our detection. The analytical data were similar to 
those shown above. 

3.0 gm. of p-bromophenyl-l-cysteine were ingested and 1.3 gm. of pure 
N-acetyl-p-bromophenyl-l-cysteine were isolated from the urine. The 
substance was identical with p-bromophenylmercapturic acid which was 
excreted in the urine of various animals upon ingestion of bromobenzene. 

Cc H N S Acetyl Br Mp. [aly 
<. 
4.40 10.06 13.49 25.16 152 —13 
i 


Synthetic CyHy»SNO;Br. 1] 54 
.43 9.96 13.00 24.98 152 -—12 


3.77 
Found 11.50 3.68 
Similar results were obtained in five additional experiments on the two 


subjects. 
DISCUSSION 


The data presented above demonstrate the acetylation of p-bromophenyl- 
l-cysteine and of d or / isomers of S-benzylceysteine in man. It is also ap- 
parent from the data that the d isomer of S-benzyleysteine is less readily 
acetylated than its enantiomorph, as is indicated by the excretion of un- 
changed S-benzyl-d-cysteine upon its administration. At no time were we 
able to detect either the unchanged S-benzyl-l-cysteine or its optical anti- 
pode in a free or acetylated form upon administration of S-benzyl-l-cysteine. 
Only the acetylated S-benzyl-l-cysteine could be isolated from the urine. 


Either our methods of isolation are inadequate for the detection of these | 


substances in the urine, or S-benzyl-l-cysteine is completely acetylated in 
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the amounts fed and is not converted in vivo to its enantiomorph. The 
excretion of N-acetyl-S-benzyl-l-cysteine upon the administration of d- or 
dl-S-benzylcysteine indicates inversion of the d derivative to the acetylated 
optical antipode. Whether this inversion occurred via the mechanism 
proposed by Knoop and Blanco (16), as we suggested earlier (5) and as 
was reaffirmed later (17), is a subject for discussion from which we wish to 
abstain for the present, pending direct evidence pro or contra. The acety- 
lation, however, of p-bromopheny]-l-cysteine and of d or 1 isomers of S- 
benzyleysteine in man, appears to be direct, as we concluded earlier in 
our experiments with p-bromophenyl-l-cysteine in the rat (18). 

In discussing the possible mechanisms of acetylation in the dog, we 
assumed that the mechanism of acetylation in the case of mercapturic 
acids is not the same as that involved in the acetylation of certain aromatic 
amines and their derivatives, since the direct acetylation of certain aro- 
matic compounds in which the amino group is attached to the ring could 
not be shown to take place in the dog (19). In the case of man, on the 
other hand, Muenzen, Cerecedo, and Sherwin (20) were the first to show 
direct acetylation of m- and p-aminobenzoic acid, and Bernhard (21) has 
now demonstrated that acetic acid participates directly in this reaction. 
Our experiments demonstrate the acetylation of certain cysteine deriva- 
tives in man. For lack of data to the contrary, there appears to be no 
reason to assume the existence in man of different mechanisms of acetyla- 
tion for the cysteine derivatives and for aromatic amino acids mentioned 
above. 


SUMMARY 


1. p-Bromophenyl-l-cysteine and d-, dl-, and /-S-benzylcysteine were 
administered to human subjects and the corresponding mercapturic acids 
were isolated from the urine. 

2. S-Benzyl-d-cysteine is less readily acetylated than the / isomer, al- 
though in man both isomers are directly acetylated. 

3. There appears to be no valid reason to assume a mechanism of acetyla- 
tion of these cysteine derivatives in man, different from that supported by 
experimental evidence; namely, direct acetylation. 


Grateful acknowledgment is made to Mr. J. Alicino for the microana- 
lytical work. 
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PHOTOMETRIC DETERMINATION OF TOTAL CHOLESTEROL 
IN PLASMA OR SERUM BY A MODIFIED LIEBERMANN- 
BURCHARD REACTION 


By ABRAHAM SAIFER anp OTTO F. KAMMERER 


(From the Chemistry Section of the Department of Pathology, Flushing Hospital, 
Flushing, New York)* 


(Received for publication, April 11, 1946) 


The wide-spread use of photoelectric colorimeters in the field of quanti- 
tative clinical chemistry has brought with it the realization that many of 
the visual colorimetric methods in use are grossly inaccurate and that their 
use may be justified only on the basis of an arbitrary range of normal values 
for the given procedure. This is particularly true in the case of total 
cholesterol values which have a reported normal range from about 100 to 
400 mg. per cent. ‘The principal sources of the inaccuracies for the choles- 
terol methods employing the Liebermann-Burchard reaction are well known 
and have been recently discussed in some detail in a paper by Sperry and 
Brand (1). They will be mentioned here only because in the procedure 
presented by the authors the experimental studies of the Liebermann- 
Burchard reaction were run under conditions somewhat different from 
those of most other investigators (2-4). 

Instead of the usual organic solvents, e.g. chloroform, alcohol-ether, 
alcohol-acetone, etc., used for extracting cholesterol and cholesterol esters 
from biological fluids, the authors have followed the lead of Drekter (5) 
who used acetic anhydride as the medium for the simultaneous precipita- 
tion of the proteins and the extraction of the total cholesterol present in 
these fluids. Because of the extreme rapidity of development of the maxi- 
mal color density, pure acetic anhydride was unsuited for the photometric 
determination of total cholesterol. It was found experimentally that a 
mixture of acetic anhydride and 1,4-dioxane (8:2 by volume) not only 
would extract cholesterol and cholesterol esters from biological fluids with 
the simultaneous precipitation of proteins, but in addition would reduce 
the rate of development of maximal color density to a point at which the 
Liebermann-Burchard reaction might be used to obtain accurate photo- 
metric readings. 

The method presented here is unlike any other found in the literature in 
that no attempt is made to remove the water from the biological fluid; 


* A major portion of this problem was completed overseas while the authors were 
members of the Chemistry Section of the Seventh Medical Laboratory of the Third 
United States Army. 
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instead, an amount of water equivalent to that present in the biological 
fluid is added to the cholesterol standards. In the course of the procedure, 
the water present in the standard or the unknown is converted into acetic 
acid when the tube containing the water and acetic anhydride is heated ing 
boiling water bath for a specified time. It is a known experimental fact 
that the Liebermann-Burchard reaction takes place in acetic acid solution 
as well as in chloroform, although the rate of reaction may vary with the 
different solvents (6). 

Many investigators have shown that the rate of reaction for pure choles- 
terol with the Liebermann-Burchard reaction is much slower than that for 
a corresponding amount of cholesterol ester (as total cholesterol). It is 
mainly for this reason that the more reliable methods for total cholesterol 
require the conversion of the cholesterol ester present into the alcohol form 
previous to the addition of the colorimetric reagents. However, for the 
routine clinical analysis of total cholesterol in biological fluids it would be 
most desirable if this step could be omitted, provided that it was accom- 
plished without any corresponding reduction in the accuracy of the pro- 
cedure. This problem was solved by developing a new total cholesterol 
standard composed of equal parts of cholesterol and cholesterol ester which 
are dissolved in a solution of acetic anhydride-dioxane (3:2). Since this 
standard solution is 50 per cent cholesterol ester, it more closely approx 
mates the actual conditions found in most sera or plasma. Moreover, in 
the setting up of the standard curve, these standards are run (with the 
addition of an equivalent amount of water, heating, filtration, ete.) in 
exactly the same manner as are the unknowns. Since a valid objection 
might be raised with respect to the variability of the ratio of cholesterol 
esters to total cholesterol as found in biological fluids, separate studies 
were made for both pure cholesterol and cholesterol esters in acetic an- 
hydride-dioxane solution with the Liebermann-Burchard reaction. Al- 
though cholesterol ester develops color at a somewhat higher rate than 
does a corresponding amount of pure cholesterol, the maximal density 
values reached are about the same for both. Furthermore, these maximal 
values remain constant over a sufficient time interval so that various mix- 
tures of cholesterol and cholesterol ester can be determined, without con- 
version of the esters into the alcohol form, from the same curve. This 
experimental work also indicates the importance of using the maximal 
density value rather than a given time interval for the photometric reading 
if consistent results are to be obtained. 

In agreement with Sperry and Brand (1) it has been found that rela- 
tively slight changes in temperature produce significant changes in the 
maximal density and in the rate at which those values are reached. In 
this procedure the temperature is rigidly controlled at 37.5°, which is 4 
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cal higher temperature than that advocated by most other investigators. The 
Te, reason for this is that the addition of dioxane to the acetic anhydride re- 
tic duces the rate at which the green color develops in the Liebermann-Burch- 
na ard reaction to such a marked degree that a higher temperature is required 
act to obtain the maximal color density within a reasonable time interval. 
ion Many investigators (1, 7) have stressed the advantage of such experi- 
the mental factors as the mixing of acetic anhydride and sulfuric acid previous 
to its addition to a chloroform or acetic acid solution of total cholesterol, 
al the control of the temperature at which the acetic anhydride and sulfuric 
for acid are mixed and added to the total cholesterol solution, the need for 
1s developing the color in total darkness, etc. In the method as given in this 
rol paper, although the concentrated sulfuric acid is added directly from a 
™ micro burette to the total cholesterol solution at room temperature and no 
the special precautions are taken to allow the color development to take place 
be in complete darkness, highly reproducible results have been obtained for 
m- standards, unknowns, and recoveries of added cholesterol and cholesterol 
r0- ester. The fact that no special precautions are required for the addition of 
rol the Liebermann-Burchard reagents or for the color development, except ) 
ich for temperature control, further enhances the simplicity of this method 
his compared to other procedures. 
XI- ' 
in EXPERIMENTAL . 
the A. Reagents and Apparatus— 
hos 1. Standard cholesterol solution. Dissolve 0.1000 gm. of pure choles- ) 
100 terol in 100 ml. of pure dry chloroform in a 100 ml. volumetric flask. (1 
rol ml. is equivalent to 1.00 mg. of cholesterol.) 
ies 2. Dilute cholesterol standard. Dilute the above standard 1:5 with 
al chloroform in a 100 ml. volumetric flask. (1 ml. is equivalent to 0.20 mg. 
Al. of cholesterol.) 
= 3. Standard cholesterol ester solution. Dissolve 0.1105 gm. of pure 
ity cholestery! acetate (Eastman Kodak, No. 2391) in 100 ml. of pure, dry 
nal chloroform in a 100 ml. volumetric flask. (1 ml. is equivalent to 1.00 mg. 
IX of total cholesterol.) 
wd 1. Dilute cholesterol ester standard. Dilute the above standard 1:5 
his with chloroform in a volumetric flask. (1 ml. is equivalent to 0.20 mg. of 
hs total cholesterol.) 
ing 5. Standard cholesterol solution (new). Weigh 25 mg. of pure dry c.p. 
cholesterol and 27.7 mg. of cholesteryl acetate into a 500 ml. Erlenmeyer 
la- flask. Add 240 ml. of acetic anhydride-dioxane solution; heat the flask for 
: approximately 15 minutes in a boiling water bath until all the solid is in 
n 


solution. Cool to room temperature and wipe the outside of the flask to 
remove any moisture. Transfer the solution quantitatively to a 250 ml. 
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volumetric flask and dilute to mark with acetic anhydride-dioxane solu- 
tion. Mix and transfer to a clean, dry, glass-stoppered, brown bottle. 
(1 ml. is equivalent to 0.20 mg. of total cholesterol.) 

6. Acetic anhydride-dioxane solution. Mix 3 volumes of reagent grade 
acetic anhydride with 2 volumes of 1,4-dioxane (Eastman Kodak, No. 
P2144). Transfer to a clean, dry, glass-stoppered, brown bottle. The 
mixture is stable in the absence of moisture. Dioxane vapor is toxic and 
all work with this reagent should be done in a hood. 

7. Sulfuric acid, concentrated, reagent grade. 

8. Micro burette, 2.00 or 5.00 ml., graduated in 0.05 ml. or in smaller 
divisions. 

9. Photoelectric colorimeter, Evelyn type, with selected Pyrex test- 
tubes graduated at 5 and 10 ml. 

All reagents used in this procedure should be of reagent grade and free 
from water. All glassware used should be chemically clean and dry. 

B. Selection of Color Filter—0.20 mg. and 0.50 mg. of total cholesterol 
standards were prepared, as described under the preparation of the stand- 
ard eurve in (D) below, and the data for spectral transmission for the 
modified Liebermann-Burchard reaction were obtained with a Coleman 
Junior spectrophotometer. The readings were taken at room temperature 
and between 25 and 35 minutes after the addition of the colorimetric 
reagents. The data obtained are illustrated in Fig. 1 and show a minimum 
transmittance at about 650 mg. This wave-length corresponds approxi- 
mately to a combination of Corning glass Filters 241, 4 mm., and 397, 2 
mm., for filter type photometers. 


C. Studies of Factors Affecting Color Development with Modified Liebermann- 
Burchard Reaction 


1. Effect of Variation of Amount of Acetic Acid from Water. Prepara- 
tion of Samples—To two sets of graduated colorimeter tubes, each con- 
taining five tubes, were added 1.00 ml. (0.20 mg.) and 3.00 ml. (0.60 mg.) 
of the dilute cholesterol standard in chloroform, respectively. The tubes 
were placed in a boiling water bath and the solvent evaporated off until no 
odor of chloroform was detectable. To each pair of standards, one con- 
taining 0.20 mg. and the other 0.60 mg. of cholesterol, were added the vari- 
ous amounts of water shown in Fig. 2. The contents of each tube were 
diluted to the 5.00 ml. mark with the acetic anhydride-dioxane solution; 
the tubes were heated in a boiling water bath for 30 minutes and then 
cooled to room temperature. 

Development of Color—At this point each pair of tubes was handled sepa- 
rately. To the first tube was added 0.25 ml. of concentrated sulfuric acid 
from a micro burette. Immediately after, an interval timer which had 
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previously been set for 5 minutes was started up. The contents of the 
tube were well mixed, care being taken tosee that nounmixed acid remained 
on the sides of the tube. The tube was then left in a rack at room tempera- 
ture. About 4 minute before the 5 minute interval elapsed, 0.25 ml. of 


- 


concentrated sulfuric acid was added to the second tube. At the expira- 
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Fic. 1. Spectrophotometric curves for total cholesterol 
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Fic. 2. Effect of variation of acetic acid obtained from water and acetic anhydride 
on color development. 


tion of the first 5 minute interval, the timer was reset for the same interval 
and the first tube was placed in a water bath maintained at 37.5°. The 
contents of the second tube were then well mixed and the tube allowed to 
remain at room temperature. At expiration of the second 5 minute inter- 
val, the timer was again reset, the second tube was placed in the 37.5° 
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water bath, and the first tube was removed, wiped dry, and read in the 
photoelectric colorimeter with a 650 mu filter against a reagent blank set 
at 100 per cent transmission. In this manner a series of readings was 
taken at 5 minute intervals until a maximal density value was reached, when 
the readings began to increase again. The second tube was read exactly 
5 minutes after the first one. All other pairs of tubes were run exactly 
in the same manner. 

The variation of density values with time for cholesterol standards con- 
taining various amounts of water is shown in Fig. 2. From these data 
the following conclusions may be drawn: that the presence of small amounts 
of water has the greatest proportional effect on decreasing the rate of color 
development as well as the maximal density value for a fixed amount of 
cholesterol; that, as the water content increases, the further addition of 
water causes progressively smaller changes in the rate of reaction and in 
the maximal density value for a fixed amount of cholesterol. 

These experimental data prove that, if accurate results are to be ob- 
tained, the volume of water added to the standards, to compensate for the 
amount present in serum or plasma, should be maintained within fairly 
narrow limits. Since it was intended to use a 0.20 ml. sample in running 
the unknowns, and since 90 per cent of serum or plasma is actually water, 
0.18 ml. of water was added to each tube in performing all the subsequent 
experimental runs and in setting up the standard curves. 

2. Effect of Varying Ratio of Acetic Anhydride to Dioxane—The samples 
were prepared in the manner described above except that 0.50 and 1.00 mg. 
of cholesterol standard were used and 0.18 ml. of water was added to each 
tube, the final volume being the same. The color was developed as above. 

The maximal density obtained in these runs was plotted against the 
various acetic anhydride to dioxane ratios for the two cholesterol standards 
and the curves obtained are shown in Fig. 3. These results indicate that 
the maximal density increases continuously as the acetic anhydride to 
dioxane ratio increases for a given cholesterol value. It is possible to obtain 
almost any density value desired for a fixed amount of cholesterol by choos- 
ing the proper ratio of acetic anhydride to dioxane. A value of 3 volumes 
of acetic anhydride to 2 volumes of dioxane was chosen for two reasons. 
First, because the maximal density values for standards ranging from 0.20 
to 1.00 mg. of cholesterol fall somewhere between 20 and 80 per cent trans- 
mission, which is the most desirable range for colorimetry. The second 
reason is shown in Fig. 4, which gives the variation of density values with 
time for the various acetic anhydride to dioxane ratios. The density values 
for the 3:2 ratio reach a maximum in about 15 minutes and there is only a 
slight variation in the maximal value between the 15 and 25 minute in- 
tervals. 
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8. Effect of Variation of Temperature and Time of Reading—The stand- 


ards for this run were prepared exactly as given above except that a con- 
stant volume of 0.18 ml. of distilled water was added to each tube. 
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Fic. 3. Effect of variation of ratio of acetic anhydride to dioxane on maximal 
density value. 
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The color was developed exactly as described above except that instead 
of the tubes being placed in a bath at only one temperature (37.5°), the 
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color development took place in baths maintained at the various tempera- 
tures shown in Fig. 5. 

Fig. 5 shows the relationship between the density values obtained for a 
given cholesterol value and the time of reading at the various temperatures 
at which color is developed. From the results shown in Fig. 5, it can be 
concluded (1) that as the temperature increases the time at which the 
maximal density is reached decreases; (2) that as the temperature increases 
the maximal density value obtained with a fixed amount of cholesterol 
increases; (3) that for a constant temperature, the variation of the density 
value at +5 minutes from the maximal density value is about +1 scale 
division of the colorimeter. 

In agreement with the results of many previous investigators, the data 
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ment of cholesterol with the modified Liebermann-Burchard reaction. 


obtained show the need for rigid temperature control if accurate cholesterol 
values are to be obtained. The temperature of 37.5° was chosen because 
it is a conveniently available laboratory temperature, and because the 
maximal color at this temperature develops somewhere between 15 and 20 
minutes; so that the time required for each determination is considerably 
reduced. However, it should be pointed out that any other constant 
temperature below 40° may be used provided that both standards and 
unknowns are run at the same temperature. 

4. Effect of Temperature at Which Colorimetric Reagents Are Mixed— 
Sperry and Brand (1), Shapiro e¢ al. (7), and other investigators lay stress 
on the technique employed in adding the acetic anhydride-sulfuric acid 
mixture to the chloroform solution of cholesterol as a potential source of 
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error in the Liebermann-Burchard reaction. Shapiro et al. have recom- 
mended using a mixture of acetic anhydride and sulfuric acid prepared at 
room temperature to avoid any errors due to the difficulty of measuring 
accurately small quantities of sulfuric acid and to reduce the temperature 
changes due to variable heating effects. Sperry and Brand carry this 
procedure a step further and recommend that the reagents be mixed in an 
ice bath and maintained at that temperature until added to the cholesterol 
solution in chloroform. Since the matter is still controversial, and since 
it would be desirable to avoid the temperature effect of adding a solution at 
0° to one at the bath temperature, this problem was investigated for the 
acetic anhydride-dioxane-water solution of cholesterol. 

A series of standards was prepared containing 0.20 and 0.60 mg. of 
cholesterol in the manner given above which included the addition of the 


TABLE [| 
Effect of Temperature of Mixing Reagents on Color Development 


Total Color density (Evelyn colorimeter) 
Temperature of mixing ose 


cholesterol —s = “oapcireees ees: — . _ 
iSmin. | 20min. 25 min. 30 min. 

én =e | : . 
Ice bath, 0° 0.20 | 0.080 | 0.088 | 0.092* 0.091 
0.60 | 0.258 | 0.284 | 0.292" | 0.288 
Water, 15 0.2 | 0.680 | 0.081 | 0.089* | 0.086 
0.60 | 0.268 | 0.288 | 0.290* | 0.278 
Room temperature, 19.5° | 0.20 | 0.088 | 0.092* | 0.092 | 0.089 
0. 0.278 


0.60 0.276 | 0.292* 292 


* Maximal density value. 


0.18 ml. of distilled water and the use of the 3:2 solution of acetic anhydride- 
dioxane. 

Each pair of standards was adjusted to the temperatures given in Table 
I previous to the addition of the concentrated sulfuric acid from the micro 
burette. The rest of the procedure is exactly as given above. 

The maximal density values obtained in this run, as is shown in Table I, 
prove that the temperature of the solution at the time of addition of the 
concentrated sulfuric acid has no effect on the maximal density value ob- 
tained and that the acid may be added at room temperature. The maximal 
temperature developed by the addition of concentrated sulfuric acid to the 
acetic anhydride-dioxane-water solution of cholesterol was about 32.5° 
for the color development; the heat generated in this step does not affect 
the color development. 

5. Effect of Varying Time of Heating Acetic Anhydride-Dioxane-Water 
Solution of Cholesterol—A series of 1.00 mg. of cholesterol standards was 
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prepared exactly as given above, including the addition of 0.18 ml. of dis- 
tilled water and the use of the 3:2 acetic anhydride-dioxane solution, except 
that the tubes were heated for 15, 30, and 45 minutes in the boiling water 
bath. 

Development of color was carried out by the usual procedure. 

The results obtained in this run are given in Table II and show that 
continuing to heat the tubes in a boiling water bath for more than 15 min- 
utes has a negligible effect on the color development. 

D. Preparation of Standard Curve for Cholesterol—The experimental data 
obtained above indicate that reproducible cholesterol values can be ob- 
tained only if rigid control is maintained over such factors as the tempera- 
ture of color development, ratio of acetic anhydride to dioxane, amount of 
water present in the sample, and if the maximal density value rather than a 
specific time interval is used for the colorimetric readings. Less control 





TaBLe II 
Effect of Variation of Time of Heating 


Cholesterol standard, 1.00 mg. 





Color density 
Time of heating |_-__ Se Sieedenaiestapiieieiataiateastiiinmitiiion ee 


10 min. 15 min 20 min 25 min. 
aes | . 
15 0.409 0.456 0.462* 0.456 
30 0.447 0.472* 0.469 0.447 
45 0.414 0.456* 0.456 0.435 


* Maximal density value. 


is required over such factors as the temperature at which the colorimetric 
reagents are mixed and the time of heating the tubes in the boiling water 
bath. These data were then applied to the preparation of a standard curve 
for pure cholesterol. 

Preparation of Samples—Into a series of graduated colorimeter tubes 
were pipetted, in duplicate, amounts of the cholesterol standards in chloro- 
form equivalent to 0.20, 0.40, 0.60, 0.80, 1.00, and 1.20 mg. of cholesterol. 
The rest of the procedure was run exactly as given under (C, 2) except that 
the 3:2 acetic anhydride-dioxane solution was used for all the samples. 

Color was developed by the usual procedure. 

The curve obtained by plotting the average maximal density values 
against the cholesterol standards is shown in Fig. 6. 

E. Effect of Variaiion of Temperature and Time of Reading on Values for 
Cholesterol Ester—Since many investigators have called attention to the 
more rapid rate of color development with cholesterol esters compared to 
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pure cholesterol in chloroform, or as found experimentally, in acetic acid 
solution, it was decided to investigate this matter for acetic anhydride- 
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Fig. 6. Photometric curves for cholesterol, cholesterol ester, total cholesterol 
(as digitonin cholesteride), and total cholesterol (for unknowns). 
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Fic. 7. Effect of variation of temperature and time of reading on color develop- 
ment of cholesterol ester with modified Liebermann-Burchard reaction. 


dioxane-water solutions of cholesterol. It was assumed that there would 
not be any marked difference in the results obtained with cholesterol ester 
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standards for factors such as the ratio of acetic anhydride to dioxane, the 
amount of water present, the temperature at which the colorimetric rea- 
gents are added, or the time of heating the tubes in the boiling water bath; 
therefore these factors were not reinvestigated for cholesterol ester. How- 
ever, it was considered desirable to reinvestigate for cholesterol ester such 
factors as the effect of the variation of temperature at which color develop- 
ment takes place, and the time of reading the samples upon the maximal 
density values obtained for a fixed amount of the standard (calculated as 
total cholesterol). From these data it could be ascertained whether, at 
any particular temperature or reading time, the same density values could 
be obtained for cholesterol ester as for an equivalent amount of cholesterol, 
thus avoiding the necessity of converting the ester into the alcohol form to 
obtain accurate results for the total cholesterol value. 

The run was performed exactly in the same manner as is given under (C, 
3) for pure cholesterol except that cholesterol ester (cholesteryl acetate) 
standards in chloroform corresponding to 0.20 and 0.60 mg. of total choles- 
terol were used. The results obtained in this run are shown in Fig. 7. 

It is concluded from these experimental data that the effect of tempera- 
ture on the maximal density values is exactly the same as with pure choles- 
terol. A comparison of Figs. 5 and 7 leads to an even more important 
conclusion; namely, that for the most part the maximal density values for 
both cholesterol and cholesterol ester fall within the same time interval, and 
if the temperature remains constant, the maximal density values for a 
constant amount of cholesterol ester are practically identical with those 
obtained for an equivalent amount of pure cholesterol. 

F. Preparation of Standard Curve for Cholesterol Esters—This was pre- 
pared in the same manner as the curve for pure cholesterol, except that 
cholesterol ester standards containing the equivalent amount of total 
cholesterol were used. The results obtained for the average maximal 
density values are plotted against the total cholesterol values, and the 
curve obtained is illustrated in Fig. 6. The data indicate that, while the 
two curves are not identical, they are sufficiently close together, particularly 
in the lower range of values, where the large majority of unknowns will 
fall, to warrant the use of a common curve for both cholesterol and choles- 
terol esters, thus avoiding the involved process of converting one form into 
the other, previous to the color development. 

G. Determination of Maximal Density Values for Known Mixtures of 
Cholesterol and Cholesterol Ester—As further proof that the use of a com- 
mon curve for both cholesterol and cholesterol ester is warranted in the 
acetic anhydride-dioxane-water procedure, a series of known mixtures 
of cholesterol and cholesterol ester was prepared in such ratios as are likely 
to occur in pathological human sera or plasma. These mixtures were 
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then run exactly in the same manner as is described for the cholesterol 
standards in (D). The maximal density values obtained for these various 
known mixtures are given in Table III together with the average maximal 
density values taken from the cholesterol and cholesterol ester curves in 
Fig. 6. 

The data in Table III prove that the results obtained for these mixtures 
are generally within +0.02 mg. of total cholesterol of the theoretical value 
taken from the curve and furnish conclusive evidence of the validity of 
employing a single curve for the determination of the total cholesterol 


TABLE III 


Determination of Total Cholesterol Content of Known Mixtures of Cholesterol and 
Cholesterol Ester 


- Choles- F Ratio, Color density Average 
Choles- Total | cholesterol | color : 
terol | —_— cholesterol | ester to : . | density 2 
added added added | eines! 15 min. 20 min. 25 min. a 

| j ” - 
me. me. me. | per cent ; per cent 
0.50 | 0.50 1.00 | 50 | 0.456 | 0.462* | 0.450 | 0.469 | —1.50 
0.50 | 0.50 1.00 | 50 0.459 | 0.462* | 0.453 | 0.469 | —1.50 
0.70 | 0.30 1.00 | 30 | 0.435 | 0.453* | 0.453 | 0.469 | —3.42 
0.70 0.30 1.00 | 30 0.438 | 0.456* | 0.456 | 0.469 | —2.77 
0.30 | 0.70 1.00 70 | 0.401 | 0.447* | 0.447 0.469 | —4.70 
0.30 | 0.70 | 1.00 | 70 0.423 | 0.465* | 0.459 | 0.469 | —0.85 
0.50 | 0.20 0.70 28.5 | 0.328 | 0.335* | 0.325 | 0.330 | +1.52 
0.50 | 0.20 0.70 | 28.5 | 0.328 | 0.330* | 0.323 | 0.330 | +0.00 
0.20 | 0.50 0.70 | 71.4 0.319 | 0.321* | 0.312 | 0.330 | —2.73 
0.70 | 0.50 1.20 | 41.7 | 0.542 | 0.557* | 0.553 | 0.869 | —2.11 
0.70 | 0.50 | 1.20 41.7 | 0.534 | 0.549" | 0.542 | 0.569 | —3.52 
0.50 | 0.70 1.20 58.2 | 0.549 | 0.553* | 0.538 | 0.569 | —2.81 


* Maximal density. 


content of an unknown sample regardless of the ratio of cholesterol to choles- 
terol ester present. 

H. Method for Photometric Determination of Total Cholesterol in Serum or 
Plasma—Into test-tubes (150 X 15 mm.) containing approximately 5 ml. 
of acetic anhydride-dioxane solution was pipetted, in duplicate, 0.20 ml. 
of clear, unhemolyzed serum or plasma. The contents were mixed well by 
shaking, care being taken that no unmixed serum or plasma remained on 
the sides of the tube. The tubes were heated in a boiling water bath for 
30 minutes with occasional shaking, and the moisture was wiped off the 
outside. The contents were filtered through Whatman No. 42 filter paper 
(7 em.) into graduated colorimeter tubes. The original tubes were washed 
with 0.25 ml. portions of acetic anhydride-dioxane solution, these washings 
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being poured through the filter paper until the total volume of the filtrate 


in each tube was 5.00 ml. 
The development of color was carried out exactly as given under (C, 1), 


The average maximal density value obtained by this procedure is used | 


to find the total cholesterol value from the standard curve prepared as 
given in the following section. 


I. Preparation of Standard Curve for Use with Unknown Samples—In 
order to overcome the effect of the slight variation noted above between | 


the curves for pure cholesterol and cholesterol ester and to prepare a total 
cholesterol curve which more closely simulated the actual conditions found 
in the case of human sera or plasma, the new cholesterol standard which 
has already been described under (A) was used in this run. In addition, 
while it was not desirable to go through the tedious processes of filtration, 
washing, making up to volume, etc., in establishing the theoretical con- 
cepts of the method, it was desirable that these processes be included in the 
preparation of a standard curve for actual use with unknown samples, so 
that any changes in the density values due to these additional steps would 
be compensated for. 

Into a series of the test-tubes (150 X 15 mm.) were pipetted, in duplicate, 
amounts of the new cholesterol standard equivalent to 0.20, 0.40, 0.60, 
0.80, and 1.00 mg. of total cholesterol. The total volume in each tube was 
then brought up to about 5 ml. with acetic anhydride-dioxane solution. 
0.18 ml. of distilled water was added to each tube and the contents well 
mixed so that no unmixed water remained on the sides of the tube. The 


remainder of the procedure for the unknown samples was carried out ex- / 


actly as described under (H). 

Color was developed by the usual procedure. 

J. Determination of Total Cholesterol by Visual Colorimetry—If a photo- 
electric colorimeter is not available, the new cholesterol standard can also 
be used for visual colorimetry and is prepared for the color development 
exactly as described under (1) above, with 2.00 and 4.00 ml. aliquots of the 
cholesterol standard corresponding to 0.40 and 0.80 mg. of total choles- 
terol, respectively. The unknown samples of serum or plasma are pre- 
pared simultaneously for the color development exactly as described for 
the photoelectric method in (H) above. The color development is per- 
formed by the usual procedure except that the reading of the unknown 
against the standard is performed in the visual colorimeter between the 15 
to 20 minute time interval since, as is shown in Table IV, the maximal 
density values usually fall in this interval for serum or plasma. 

K. Determination of Normal Serum Values and Recoveries of Added 
Cholesterol—Some 50 samples of clear, unhemolyzed sera, sent in for sero- 
logical examination, were analyzed by the procedure as given under (H). 
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A typical set of results, to illustrate the importance of using the maximal 
density value rather than a constant time interval, is given in Table IV. 


ed TABLE IV 
as Photometric Determination of Total Cholesterol Content of Normal Human Serum and 
Recoveries of Added Cholesterol, Cholesterol Ester, and Mixtures of Both 
In Color density otal Total Total 
Serum cholesterol cholesterol] cholesterol! Standard used Error 
en No 10 min 1S mit ie n serum adde recovered 
al j 
! mi me me per cent 
a l 0.141 0. 16S" 0.166 0.58 Newt 
ch l 0.246 0.250 0.242 0.57 0.20 0.19 ~3 —5.0 
n 1 (). 282 0.301 0.305 0.90 0.50 0.52 +4.0 
Nn, 2 0.166 0.168* 0.163 0.38 
n- 2 0.235 0.252* | 0.250 0.57 0.20 0.21 +5.0 
he 2 0.317 0.337 0.330 0.76 0.40 0.38 —5.0 
3 0.194 0.196* 0.187 0.44 
= 3 | 0.276 | 0.282* | 0.270 | 0.64 | 0.20 | 0.20 | « +0.0 
Id 3 | 0.367 | 0.372* | 0.364 0.84 | 0.40 | 0.40 | « +0.0 
4 0.194 0.194 0.180 0.44 ” 
e, 1 | 0.238 0.268* | 0.260 0.61 0.20 | ae §>* —8.5 
ny { 0.357 0.3647 0.347 0.83 0.40 | 0.39 | 2.5 
| 5 0.187 0. 192° 0.181 0.43 
" 5 | 0.262 | 0.282* | 0.276 | 0.63 | 0.20 | 0.20 | “ +0.0 
n. 5 | 0.332 | 0.347* | 0.342 0.79 | 0.40 | 0.36 | —10.0 
ll 6 | 0.187 | 0.194* | 0.189 0.44 | | | « | 
1e 6 0.260 0.282* | 0.278 | 0.63 | 0.20 | 0.19 | | —5.0 
:- 6 0.347 0.369 0.364 | 0.84 | 0.40 0.40 +0.0 
7 | 0.189 | 0.197 0.192 0.44 | “ 
7 0.260 0. 276* 0.276 0.62 | 0.20 0.18 —10.0 
7 | 0.337 | 0.364* | 0.359 0.83 | 0.40 | 0.39 | | —2.5 
0- 8 0.163 0.174* 0.174 0.39 
30 S Q. 204 0.237 0).244* 0.46 om |} 6.8 i * —15.0 
it 8 | 0.328 | 0.347* | 0.347 0.79 | 0.40 | 0.40 | “ +0.0 
9 0.187 0.194" 0.187 | 0.44 | | « 
9 (0. 260 ). 276 0.284* 0.64 0.20 | 0.20 | Cholesterol) +0.0 
5 9 | 0.272 | 0.335 0.367* 0.84 0.40 | 0.40 ™ +0.0 
10 0.132 (0. 1f 0.168* 0.38 igi 
ir 10 0.276 0.332 0.350" 0.70 0.40 0.42 Cholesterol +5.0 
r. 10 0.420 0.495 0.523 1.18 0.80 0.80 ester +0.0 
n * Maximal density value 
5 t The new standard is 50 per cent cholesterol and 50 per cent cholesterol ester. 








Recoveries of total cholesterol added to sera, including that added as pure 
cholesterol, cholesterol ester, and mixtures of both (new standard), are 
also included in Table IV. 
L. Preparation of Total Cholesterol Standard Curve from Digitonin Choles- 








672 DETERMINATION OF CHOLESTEROL 


teride—Into a series of 15 ml. graduated centrifuge tubes were pipetted, 
in duplicate, amounts of the pure cholesterol standard in chloroform rang. 
ing from 0.20 to 1.00 mg. of total cholesterol. The solvent was evaporated 
off by placing the tubes in a boiling water bath until no odor of chloroform 
could be detected. 3 ml. of alcohol-acetone (1:1) solution were added to 
each tube and the cholesterol dissolved by warming the tubes gently in the 
water bath. The cholesterol was then converted into digitonin cholesteride 
by the procedure of Schoenheimer and Sperry (8). To the pure, dry 
digitonin cholesteride precipitate contained in the centrifuge tubes were 
added 0.18 ml. of distilled water and 5 ml. of the acetic anhydride-dioxane 
solution. The tubes were heated for 30 minutes in a boiling water bath 
and the precipitate dissolved with the aid of occasional stirring with a 
glass rod placed in each tube. The tubes were removed from the bath and 
the contents filtered into the graduated colorimeter tubes through What- 
man No. 42 filter paper (7 em.). The centrifuge tubes were washed with 
0.25 ml. portions of acetic anhydride-dioxane, these washings being poured 
through the filter paper until the total volume of the filtrate in each tube 


was 5.00 ml. 
The development of color was carried out exactly as described under 


(C, 1). 


The average maximal density values in this run were plotted against the | 


cholesterol values and the curve obtained is shown in Fig. 6. This curve 
is practically identical with that of the cholesterol ester standard curve. 


——e 


| 


M. Comparison of New Procedure with Digitonin Cholesteride Procedure | 


for Normal Sera—The following experiments were intended mainly to 
furnish additional proof of the reliability of the new procedure and to ex- 
plore the possibility of using it for the separate determination of cholesterol 
and cholesterol esters. (1) The total cholesterol content of a number of 
normal sera was determined exactly as given in (H) above. (2) An alco 
hol-acetone (1:1) extract of the same sera was prepared as for the Schoen- 


heimer-Sperry (8) method and the total cholesterol content determined 


as follows: 


A 5.00 ml. aliquot of the alcohol-acetone filtrate of the sera (1:25 dilu- | 


tion) was pipetted into a test-tube (150 K 15 mm.) and the contents evap- 
orated just to dryness, care being taken not to char the residue in this step. 
The residue was dissolved in a few ml. of chloroform and the contents 
again evaporated just to dryness. The chloroform evaporation was re 
peated once again, but this time the heating was continued until no further 
odor of chloroform could be detected. 0.18 ml. of distilled water and 5 ml. 
of acetic anhydride-dioxane solution were added to each tube. The tubes 
were then heated in a boiling water bath for 30 minutes with occasional 
shaking, removed from the bath, etc., the remainder of the procedure being 
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d, performed exactly as described under (H) above. The results for this run 
g-| are given in Table V. 


ed TABLE V 
m | Comparison of New Procedure with Digitonin Cholesteride Procedure and Studies of 
to Effect of Time of Standing of Sample on Total Cholesterol Value 
he {Serum . “ 5 i 
de = Lo . - poset bed Method used 
ry ~ | No. | Smin 10 min 15 min. | 20 min. | 25 min. | 30 min. | eto! 
re me. 
per 
ne cent 
th 1 | 11 | 0.135 | 0.168 | 0.177*| 0.176 | 0.169 | 0.163 | 200 | New 
, 2 | 11 | 0.155 | 0.182 | 0.183*! 0.181 | 0.171 | 0.153 | 205 | 5 ml. aleohol-ace 
nd tone (1:1) ex 
tract, evapo- 
u- rated with 
th | | CHCl; 
ed | 3 | 11 | 0.066 | 0.085 | 0.086*! 0.086 | 0.082 216 | Digitonin choles- 
be teride, 3 mil. 
4 | 12. 0.147 | 0.181 | 0.184*) 0.176 | 0.168 | 0.155 | 205 | New 
" 5 | 12 | 0.138 | 0.176*| 0.174 | 0.168 | 0.155 | 0.146 | 210 | Same as (2) 
- 6 | 12 | 0.061 0.080 | 0.085*| 0.082 | 0.080 216 | i - oe 
7 | 13 | 0.115 | 0.155 | 0. 166*| 0.166 | 0.160 | 0.152 | 190 | New 
he 8 | 13 | 0.141 | 0.168*| 0.168 | 0.157 | 0.149 | 0.138 | 190 | Same as (2) 
vr 9 | 13 | 0.068 | 0.082*| 0.078 | 0.076 | 0.069 1204]; “ * () 
10 | 14 | 0.174 | 0.229 | 0.235*| 0.227 | 0.215 | 0.199 | 265 | Freshly drawn 
| | normal plasma; 
- new 
t 11 | 14 | 0.149 | 0.218 | 0.237%) 0.233 | 0.224 | 0.208 | 270 | Same plasma | hr. 
X- after drawing; 
rol | | new 
of 12 | 14 | 0.204 | 0.238 | 0.242*| 0.229 | 0.220 275 | Same plasma 9 hrs. 
after drawing; 


.0- 
new 





D- 13 | 14 | 0.172 | 0.218 | 0.227*| 0.222 | 0.208 | 0.191 | 260 | Plasma from blood 

ed after standing 1 
| hr.; new 

. 14 | 14 | 0.174 | 0.222 | 0.229* 0.222 | 0.208 | 0.191 | 260 | Plasma from blood 

9 hrs. after 

P | | standing; new 

1p —— ; a ee Lee | , ae a 

ts * Each value is the average of two or more determinations. 

” The total cholesterol content of the alcohol-acetone filtrate of the same 


et sera as above was then determined, in duplicate, by the Schoenheimer- 
uv Sperry method (8), except that instead of dissolving the digitonin choles- 
ie teride in concentrated acetic acid, the precipitates were treated exactly 
al as were the standards in (L). The results obtained in this run are also 
ng given in Table V. 
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The remaining data in Table V were all obtained with the new pro- 
cedure and tend to confirm the findings of Kraus and Kalal (9) that the 
total cholesterol content of human serum or plasma does not change on 
standing, and that these determinations need not be done immediately 
after the blood is drawn. 


DISCUSSION 


The results obtained in the studies of the effect of the variation of the 
amount of acetic acid derived from water on the color development with 
the modified Liebermann-Burchard reaction show the decided effect which 
even traces of moisture have on the maximal density values obtained and 
on the time in which these values are reached for a fixed amount of choles- 
terol. Unless all water is completely removed from the unknown in the 
treatment of the sample previous to the color development, it is to be ex- 
pected that the standard being made up in the pure solvent will develop 
more color in the same time interval than will the unknown, and thus low 
results will be obtained. In the procedure presented in this paper, the 
small amounts of acetic acid derived from water present both in the stand- 
ards and in the unknowns actually have a beneficial effect on the method. 
Its presence prolongs the time in which maximal color is reached, allowing 
the use of higher bath temperatures; it stabilizes the color formation so 
that accurate readings of the maximal density value may be obtained 
over a 10 minute or longer interval; and the presence of traces of moisture, 
in the reagents and on the glassware, does not have the same detrimental 
effect on color formation as in the more commonly used procedures. 

Several different samples of acetic anhydride and dioxane from different 


a 


manufacturers were used. While the maximal density values obtained | 


for a constant amount of cholesterol were about the same for acetic an- 
hydride-dioxane solutions obtained from different sources, the time in 
which this value was reached varied markedly with different products. 
It was for this reason as well as for the greater reproducibility of values 
that the maximal density reading, rather than the time after mixing, was 
selected as the criterion for the total cholesterol values. The importance of 
this factor has also been stressed in a recent paper by Clarke and Marney 
(10) which deals with a modification, for use with the photoelectric colorin- 
eter, of the Schoenheimer-Sperry method. Since the acetic anhydride- 
dioxane solution is stable over long periods of time, it is best to prepare a 
batch of the reagent large enough to set up all the necessary standard 
curves and time and temperature studies, and to have enough left over fora 
large number of unknowns. 

In these experiments, identical results were obtained whether standards 
were run in a dark incubator with a thermostatic control, a water bath ina 
lighted room, or in an incubator heated by carbon filament bulbs. 
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The results obtained for normal human sera and plasma (Tables IV and 
V) by the new procedure indicate that while some of the recoveries of added 
total cholesterol are somewhat low the maximal error obtained for the 
recovery of 0.20 mg. of cholesterol is —15 per cent and the average error 
for all the recovery values is about +5 per cent. They further indicate 
that good results are obtained for the recoveries whether the total choles- 
terol is added in the pure form, as the ester, or as a mixture of both forms. 
Results given in Table V prove that the same values are obtained by the 
acetic anhydride-dioxane-water procedure whether the extraction of the 
serum is performed directly or whether the cholesterol is first extracted 
with an alcohol-acetone (1:1) solution. These latter results are important 
when both cholesterol and cholesterol ester determinations are contem- 
plated. The final and most conclusive proof of the validity of the method 
is that it gives results which check experimentally with those obtained 
by the digitonin cholesteride method if these latter values are read from a 
digitonin cholesteride curve. 

The 50 normal sera used in these determinations were obtained from the 
serology department of this laboratory and the total cholesterol content 
was determined in from 4 to 48 hours after the blood had been centrifuged 
and the serum removed. This meant that in some instances the serum 
was removed almost immediately after clotting had occurred and in other 
instances only after serum had been standing in contact with the blood clot 
for 10 to 12 hours. Kraus and Kalal (9) have shown that even under 
these conditions the total cholesterol values do not change, and the values 
shown in Table V substantiate their findings and justify the inclusion of 
these results for serum as normal findings. Considering the random 
method by which these normal sera were selected, the most surprising thing 
about the values obtained is the relatively small range which they cover, 
i.e. from about 190 to 270 mg. per cent, and that the large majority of the 
values falls at about 210 mg. per cent. Although this range may be con- 
sidered representative for male adults from 20 to 35 years of age, many 
more determinations will have to be run by the procedure for other seg- 
ments of the population before it can be stated that this smaller normal 
range is due to the better reproducibility and greater accuracy of the 
method compared to other procedures. 

There has been some scepticism concerning the reliability of the usual 
clinical laboratory tests for cholesterol and cholesterol esters and of their 
value in diagnostic work (11, 12). While it is generally conceded (11) that 
the Schoenheimer-Sperry (8) method or some of its modifications (13, 10) 
are the most reliable procedures, their very complexity makes them un- 
suited for routine clinical work. This investigation was started because 
the many requests for cholesterol determinations from hospitals in the 
Third United States Army area, in cases such as infectious jaundice, acute 
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epidemic hepatitis, etc., indicated a need for such a procedure. Since the 
method presented in this paper is simple, highly reproducible, and gives 
results of the same order of accuracy as does the Schoenheimer-Sperry 
method, the authors believe that it will satisfy the need for a good clinical 
method for the photometric determination of total cholesterol. 


SUMMARY 


A simple, reproducible, and accurate method is presented for the photo- 
metric or visual determination of total cholesterol in human sera or plasma. 

The principle of the method depends upon the experimental fact that 
when a mixture of serum or plasma and acetic anhydride-dioxane (3:2 by 
volume) is heated in a boiling water bath for 30 minutes there occur simul- 
taneously an extraction of cholesterol and cholesterol esters, precipitation 
of proteins, and conversion of water present into acetic acid. 

A new total cholesterol standard consisting of a solution of equal parts of 
cholesterol and cholesterol ester in acetic anhydride-dioxane is used in this 
procedure. In the preparation of the standard curve an amount of water 
is added to the standards equivalent to that contained in the serum or 
plasma. 

Extensive experimental studies were made of all the factors affecting the 
color produced with this modified Liebermann-Burchard reaction, imclud- 
ing variations in the amount of water present, temperature, time of reading, 
ratio of acetic anhydride to dioxane, time of heating, method of adding 
reagents, and ratio of cholesterol to cholesterol ester. These studies 
furnished conclusive proof that by the use of this procedure conversion of 
the cholesterol ester into cholesterol previous to the addition of the Lieber- 
mann-Burchard reagents is not required for accurate results. 

Some 50 sera obtained from normal male adults were examined by this 
procedure and gave a normal range from about 190 to 270 mg. per cent of 
cholesterol, with the large majority of the values falling at about 210 mg. 
per cent. Recoveries of total cholesterol added as cholesterol, cholesterol 
ester, or a mixture of both, averaged about +5 per cent, and the serum 
values by this procedure checked with those obtained with a digitonin 
cholesteride method. 


The authors wish to acknowledge their gratitude to Miss Pauline Saifer 
and Miss Mildred Glick for their aid in editing and typing the manuscript 
and to Mr. Samuel Schiffer for preparing the charts. 
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THE EFFECTS OF INSULIN IN FLUORIDE-POISONED RATS 


By PHILIP HANDLER, HOWARD E. HERRING, Jr., ann JOHN H. HEBB 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, April 8, 1946) 


In a previous study (1) it was found that the administration to rabbits 
of fluoride, cyanide, azide, iodoacetate, and malonate, all known inhibitors 
of carbohydrate metabolism in vitro, uniformly resulted in markedly ele- 
vated blood concentrations of glucose, lactic acid, and phosphate. Insulin 
was found to prevent the rise in blood glucose concentration without affect- 
ing the behavior of the other measured blood components. It seemed of 
interest to study the variations in liver and muscle glycogen under these 
conditions in the hope that the mechanism by which insulin prevented the 
rise in blood sugar concentration might be elucidated. 


EXPERIMENTAL 


Male rats of the Vanderbilt strain (2) weighing over 250 gm. were used in 
all experiments. Sodium fluoride was the inhibitor chosen because of the 
smooth and uniform behavior of rabbits when given this substance. Ina 
series of preliminary trials it was found that when this drug was given at a 
level of 250 mg. per kilo, subcutaneously, most animals died between 120 
and 180 minutes later. The insulin dosage was 80 units per kilo, sub- 
cutaneously. The rats given insulin alone (Group 3) were sacrificed 150 
minutes later. Groups 4 and 5 were given sodium fluoride 30 minutes after 
administration of the insulin. Group 5 also received 1.5 gm. of glucose per 
rat intraperitoneally simultaneously with the insulin administration. All 
rats were well fed on a standard commercial chow. 

Blood glucose was determined by a modification of the micro technique of 
Folin (3), liver and muscle glycogen by the procedure of Good, Kramer, and 
Somogyi (4), and blood lactic acid was estimated in pooled samples of 
blood, according to the method of Barker and Summerson (5). The re- 
sults are summarized in Table I. Each value is the mean of a group of six 
animals. 

As in the rabbit, sodium fluoride poisoning induced a marked elevation in 
blood glucose and lactic acid concentrations. At the same time, liver and 
muscle glycogen were seriously depleted. Data obtained from only a few 
animals indicated that in the rat, as in the rabbit, fluoride poisoning elicited 
a marked elevation of the serum phosphate concentration and this was not 
prevented by insulin. From the data previously obtained in rabbits (1) 
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it may be presumed that fatal poisoning by other inhibitors of carbohydrate 
metabolism, e.g. malonate, cyanide, iodoacetate, would also result in deple- 
tion of liver and muscle glycogen. It is of some interest to note that such 
depletion of muscle glycogen, in vivo, has only been seen heretofore in 
association with convulsive activity. 

While not indicated in Table I, it should be stated that the lower termina] 
blood sugar values were obtained from those animals with the lowest liver 
glycogen concentrations. This has been interpreted to mean that liver 
glycogen is the source of the blood glucose of fluoride-poisoned animals, as 
it is in normal animals. This conclusion was also apparent from a separate 
study wherein both well nourished and fasted rats were given fluoride in the 
usual manner and blood samples were collected for glucose determinations 
every 30 minutes. The results are summarized as Curves A and B re- 


TABLE I 
Effects of Insulin on Chemical Changes in Fluoride Poisoning 


Each value represents the mean of a group of six rats. 


ag Drug | Blood glucose 





om Liver glycogen Muscle glycogen 

| | mg. per cent mg. per cent | per cent per cent 
l None 116 + 12 | 16+ 3 | 3.9 +0.5 | 0.71 + 0.05 
2 NaF 202 + 26 | 193 + 25 | 0.63+0.08 | 0.144 0.02 
3 | Insulin | 41+ 7| @+ 5} 4.8 +0.4 0.68 + 0.07 
4 | Insulin+ NaF | 91+ 8 214217 | 0.82+0.10 | 0.60+ 0.04 
5 | Insulin+ NaF | 116+ 9 | 167418 | 1.214 0.09 | 0.63 + 0.05 


+ glucose 


spectively in Fig. 1. Although the terminal values were never as high as 
the peak values in either group, the well nourished animals were invariably 
hyperglycemic throughout the experiment, while the fasted rats, with 
smaller initial glycogen reserves, were hypoglycemic when they died. 
Thus, the terminal hypoglycemia reported by Kaplan and Greenberg (6) 
in fluoride-poisoned rats which had previously been fasted was due to de- 
pletion of the liver glycogen and probably not, as they suggested, to fluoride 
inhibition of the liver phosphatase which hydrolyzes glucose-6-phosphate. 

Insulin, given alone, lowered the blood sugar in the usual fashion, while 
the values for liver and muscle glycogen and blood lactic acid were not 
significantly different from the untreated controls. When insulin-treated 
rats were poisoned with fluoride, the terminal blood sugar values were 
essentially normal, as had previously been observed in rabbits. However, 
the lactic acid concentration was elevated and the liver glycogen depleted 
much as when fluoride was given alone, while the muscle glycogen con- 
centration was only slightly diminished. 
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A separate group of animals was given a large dose of anterior pituitary 
extract (25 mg. per 100 gm. subcutaneously in saline) 30 minutes before 
fluoride administration, but this had little effect except to provide some- 
what higher terminal blood glucose values. 


DISCUSSION 


Since the actual mechanisms underlying the events observed during 
fluoride poisoning are, at best, incompletely understood, it is not possible 
at this time to interpret adequately the effects of insulin in this connection. 
However, a few conclusions seem to be warranted. The rise in blood 
glucose concentration in fluoride poisoning appears to be due to an accel- 
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Fig. 1. Blood sugar concentrations during sodium fluoride poisoning in well 
nourished (Curve A) and fasted rats (Curve B). 


erated “glycogenolysis” in the liver. However, the lactic acid which 
accumulates in the circulation may arise in the liver as well as the peripheral 
tissues. Since the liver glycogen was depleted in the insulin-fluoride-treated 
animals despite the essentially normal blood glucose levels, insulin does not 
appear to inhibit, in vivo, any of the various steps involved in liver glyco- 
genolysis; z.e., glycogen — glucose-l-phosphate — glucose-6-phosphate — 
glucose + inorganic phosphate. Under the conditions prevailing in fluoride 
poisoning insulin appeared to have no effect upon the formation of lactic 
acid or its removal either by oxidation or glyconeogenesis. 

The only action of insulin in this system which suggests itself and seems 
compatible with all the data is an acceleration of the conversion of blood 
glucose to muscle (extrahepatic) glycogen or some intermediary metabolite 
in that process. This would account for two otherwise anomalous situa- 
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tions, t.e. that the excessive hepatic glycogenolysis was not inhibited by 
insulin while the blood glucose remained essentially normal, and also that 
the conversion of peripheral glycogen to lactic acid was unaffected by in- 
sulin; yet the muscle glycogen concentration was scarcely diminished as 
compared with the effect of fluoride alone. Thus if the rate of glycolysis 
in liver and muscle and the rate of hepatic glycogenolysis were unaffected 
by insulin while the conversion of blood glucose to muscle glycogen (or 
some intermediate such as glucose-6-phosphate) was accelerated to a rate 
commensurate with lactic acid synthesis, thereby sparing the muscle gly- 
cogen, the present data would appear to be rational. The possibility of 
an accelerated hepatic glycogenesis as well is not excluded by these data. 

This hypothesis is in agreement with the accelerated disappearance of 
blood glucose effected by insulin in the hepatectomized dog (7) and the in- 
creased muscle glycogen resulting from the administration of insulin plus 
glucose as compared with giving glucose alone (8). The conversion of 
blood glucose to tissue glycogen involves three steps, 7.e., glucose + adeno- 
sine triphosphate — glucose-6-phosphate — glucose-1-phosphate — glyco- 
gen. The data reported herein do not permit any deduction as to which of 
these reactions is actually accelerated by insulin. However, since the 
present work was done, this point has been clearly established by Price, 
Cori, and Colowick (9), who demonstrated that insulin overcomes the in- 
hibiting effect of anterior pituitary extract on the action of hexokinase, 
the enzyme which catalyzes the formation of glucose-6-phosphate in the 
scheme above. 


This work was supported by grants from the Josiah Macy, Jr., Founda- 
tion and the Duke University Research Council. 


SUMMARY 


Fatal sodium fluoride poisoning in rats was accompanied by markedly 
elevated blood glucose and lactic acid concentrations and severely dimin- 
ished liver and muscle glycogen concentrations. Insulin, given 30 minutes 
before the fluoride, prevented the increase in blood glucose and decrease in 
muscle glycogen concentration, but did not affect the accumulation of 
lactic acid or the depletion of liver glycogen. It is concluded that, under 
these conditions, insulin operated by accelerating the conversion of blood 
glucose to muscle glycogen or some intermediary metabolite, presumably 


glucose-6-phosphate. 
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THE CARBOXYLASE ACTIVITY OF JACK BEANS (CANAVALIA 
ENSIFORMIS) AND SOY BEANS (GLYCINE HISPIDA) 


By PHILIP P. COHEN 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, 
Madison) 


(Received for publication, May 2, 1946) 


The determination of urea, according to the method of Krebs and Hense- 
leit (1), involves the manometric measurement of the carbon dioxide formed 
by the action of urease at an acid pH. In the course of an investigation 
on urea synthesis in liver slices it was observed that very high “urea” values 
were obtained when pyruvate and oxalacetate were added as substrates. 
Further study revealed the presence of a potent carboxylase system in the 
jack bean meal. Soy bean meal, on the other hand, proved to be practically 
free of carboxylase activity. Dickens and Weil-Malherbe (2) have also 
noted the carboxylase activity of jack bean meal. 

Experiments are here reported which demonstrate the presence of a 
potent carboxylase system in jack bean meal and the effect of this system 
on the manometric determination of urea in biological systems. 


EXPERIMENTAL 


Preparation of Jack Bean and Soy Bean Meal Extracts—Aqueous extracts 
of commercial jack bean meal (Arlco) and freshly ground soy bean meal 
were prepared according to Krebs and Henseleit (1). 10 gm. of meal were 
suspended in 35 ml. of H.O and the suspension allowed to stand overnight 
at room temperature. The suspension was then centrifuged and the 
centrifugate discarded. The supernatant was brought to pH 5 by the 
addition of 0.1 volume of 3 m acetic acid-sodium acetate buffer, pH 5, and 
allowed to stand in the cold for 1 hour. The solution was again centrifuged 
and the yellow opalescent supernatant used. 

Dialysis of Urease and Carborylase Solutions—A portion of the super- 
natant resulting from centrifuging an aqueous extract of jack bean meal 
(first step above) was dialyzed in the cold against saturated Na,HPO, 
solution for 4 hours and then against distilled water for 15 hours. The 
dialyzed solution was then brought to pH 5 with acetic acid-sodium acetate 
buffer. In comparing the dialyzed and non-dialyzed solutions for urease 
and carboxylase activities, the volumes were adjusted to correct for dilution 
during dialysis. 

Measurement of Urease and Carboxrylase Activity—Urease activity was 
measured manometrically in Warburg vessels at 38°. The main compart- 
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ment contained 1.7 ml. of H,O, 1.0 ml. of 0.01 m urea solution plus 0.3 ml. 
of 3 m acetic acid-sodium acetate buffer, pH 5. The side arm contained 
0.5 ml. of the enzyme solution. 

Carboxylase activity was measured in a similar manner, except that 
1 ml. of 0.01 M pyruvic acid, adjusted to pH 5, was used in place of urea. 


Results 


Effect of Dialysis on Urease and Carboxylase Activity of Jack Bean Meal 
Extracts—The effect of dialysis on urease and carboxylase activity of 
aqueous extracts of jack bean is shown in Fig. 1. It is apparent that 
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Fic. 1. Effect of dialysis on carboxylase activity of jack bean meal extracts. 
The experimental conditions are as described in the text. Cocarboxylase addition, 
50 y; Mg** addition, 2 mg. per cup. 


urease activity is unaffected by dialysis. Carboxylase activity, on the 
other hand, is practically completely lost. The carboxylase system can be 
reactivated to approximately 95 per cent of its original activity by the 
addition of cocarboxylase and magnesium ions. This effect definitely 
proves the presence of a typical carboxylase system in jack bean meal. 

As seen from Fig. 1, the carboxylase activity of jack bean meal is con- 
siderable. Calculated on a basis of nitrogen content of extracts, jack bean 
meal has about 40 per cent the activity of brewers’ yeast prepared accord- 
ing to the method of Westerkamp (3). 

Comparison of Carboxrylase Activity of Jack Bean Meal and Soy Bean Meal 
—aA comparison of the carboxylase activity of jack bean and soy bean meal 
revealed that the latter is practically free of carboxylase activity (Fig. 2). 
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TABLE I 


Urea Formation in Rat Liver Slices, As Measured by Jack Bean Meal Extracts and 
Purified Urease (Arlco) 


Rat fasted 48 hours. Glucose (200 mg. per cent) and saline bicarbonate medium; 
gas phase 5 per cent CO:, 95 per cent O2; 38°; substrate concentrations, NH,Cl, 
0.0187 m; other substrates, 0.0167 m. Incubation time, 60 minutes. 














Q urea 
Substrate ssthenitieananeisinimtallnbiatidhamaes en oe 
Arlco urease Jack bean meal urease 
0.67 0.85 
NH,Cl ... ' 1.64 2.05 
Pyruvate ane ia 0.44 (7) 12.62 (144) 
™ and NH,Cl 1.01 (15) 11.40 (150) 
Oxalacetate . = 3.71 (48) 23.31 (220) 
” and NH,Cl 3.06 (53) 13.65 (225) 
Asparagine : 3.60 3.18 
Glutamine ee 3.45 3.68 








The figures in parentheses represent microliters of CO, formed. The differences 
in Q values are due to differences in tissue weight. 








Two crops of soy beans were used. One group of beans was at least 4 years 
old and failed to germinate. The other beans were of a recent crop and 
germinated readily. There was no difference in the urease activities of the 
two crops, and both were free of carboxylase activity. 

While soy bean meal extracts can be used as a source of carboxylase-free 
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urease preparations, it is far more convenient to use a purified commercial 
preparation. Arlco urease’ was found to be stable in dry form for long 
periods of time and to provide highly active urease solutions, completely 
free of carboxylase, in concentrations of the order of 5 to 10 mg. per ml. 

Use of Jack Bean Meal Extracts for Manometric Urea Estimation in 
Biological Material—In Table I typical data from an experiment on urea 
synthesis in liver are shown. Urea formation was estimated both with an 
aqueous extract of jack bean meal and with a purified commercial urease 
preparation (Arlco urease) which was free of carboxylase. It can be seen 
that in the absence of suitable controls the use of jack bean meal can lead 
to an erroneous impression as to the réle of compounds such as pyruvate 
and oxalacetate on urea synthesis. The suggestion by Leuthardt and 
Glasson (4) that pyruvate and oxalacetate play intermediate réles in urea 
synthesis could be explained, at least from the data published, on this basis. 
It should be noted (Table I) that even with the use of controls, that is 
pyruvate and oxalacetate alone, higher urea values could be obtained by 
having smaller amounts of tissue in the experimental flasks. 

In the case of oxalacetate the rate of spontaneous decarboxylation is 
considerable, even in the absence of carboxylase. In the presence of car- 
boxylase (jack bean meal extracts) very large amounts of carbon dioxide 
are formed. 

Thiamine Content and Carborylase Activity of Soy Bean—The thiamine 
content of soy beans is listed as 41.0 1.U. per gm. or 12 y per gm. (5). De- 
termination of thiamine in jack bean meal by the thiochrome method? 
gave a value of 9.78 y per gm. Since the jack bean meal represented 
approximately two-thirds of the whole bean due to previous defatting, this 
would correspond to a value of about 14.7 y of thiamine per gm. of whole 
bean. Thus, while the two beans contain approximately the same amount 
of thiamine, jack beans have an active carboxylase system and soy beans 
do not. 

DISCUSSION 

The carboxylase activity of plant seeds has not been systematically 
investigated. Andersson (6) appears to have carried out the first investi- 
ration of the enzyme system using pea bean meal. He found that a true 
-arboxylase system was present requiring cocarboxylase and magnesium 
ions. Zeijlemaker (7) studied the carboxylase system in oat seeds and 
seedlings and demonstrated an increased activity after the addition of 


1 Purchased from the Arlington Chemical Company. 
? This determination was carried out through the kindness of Mr. Jack Reinhardt 
of the Department of Biochemistry. 
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cocarboxylase. Bunting and James (8) reported the presence of a car- 
boxylase system¥in barley seedlings. 

In the present_study, two seeds of the bean family, jack bean (Canavalia 
ensiformis) and soy bean (Glycine hispida), reveal striking differences in 
their carboxylase activity, the former having a potent system and the latter 
being free of this enzyme. Of considerable interest is the fact that both 
beans contain approximately the same amount of thiamine. The possibil- 
ity exists that the need for a carboxylase system in the soy bean is small, 
due to the high protein and fat and low carbohydrate content. The rela- 
tively higher carbohydrate content of other beans of the jack bean type 
would indicate the requirement of an active carboxylase system for the 
intermediary metabolism of such beans. 


SUMMARY 


1. Jack beans contain a potent carboxylase system requiring cocar- 
boxylase and magnesium ions. 

2. Soy beans contain approximately the same amount of thiamine as 
jack beans, but are free of carboxylase activity. 

3. The use of jack bean meal extracts for the manometric estimation 
of urea in systems containing pyruvic or oxalacetic acids may lead to 
erroneous “urea’”’ values, due to the carboxylase activity. 
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ISOLATION OF A PEPTIDE OF p-AMINOBENZOIC ACID 
FROM YEAST* 


By 8S. RATNER, M. BLANCHARD, anv D. E. GREEN 


(From the Departments of Medicine and Biochemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, April 17, 1946) 


Since Woods (1) showed in 1940 that p-aminobenzoie acid (PAB) re- 
verses the bacteriostatic effect of the sulfonamides, the metabolic function 
of PAB has been the subject of considerable investigation. According to 
the current view, first advanced by Fildes (2), some essential enzymatic 
process, in which PAB participates, is blocked by the sulfonamides as the 
result of a competitive inhibition. We have considered the possibility 
that a derivative of PAB, elaborated by the cell, might be more directly 
involved than PAB itself, and have, therefore, undertaken an investigation 
of the various forms in which PAB occurs in yeast. 

Free PAB has been isolated from yeast by Blanchard (3). He suggested 
the presence also of a bound form, conjugated through the amino group, 
from which free PAB may be liberated by hydrolytic reactions during 
autolysis. The present communication is concerned with a second con- 
jugated form of PAB in which the carboxyl group is bound to a strongly 
acidic polypeptide and the arylamino group is free. It is apparent that 
this substance may contribute to the increase in diazotizable amine, ob- 
served by Blanchard after cell disintegration, merely by becoming available 
to the diazotizing agent. There is some evidence that in animal tissue also 
PAB occurs in more than one variety of bound form (4). 

The new substance accounts for 20 to 30 per cent of the total PAB con- 
tent of yeast. Approximately 400 mg. of the purified peptide were obtained 
from 50 kilos of dried yeast. This represents a yield of about 8 per cent 
of the peptide present in the first stage of separation. The isolation pro- 
cedure was necessarily complex and entailed large losses. Details of the 
procedure are given in the experimental section. 

Analytical data indicate that the purified amorphous material is 90 to 
95 per cent pure, and that all nitrogenous impurities have been removed. 
The substance is readily soluble in water, alcohol, and a 1:1 alcohol-ether 
mixture, but is insoluble in dry ether or acetone. It is very hygroscopic 


* This investigation was supported by grants from the Rockefeller Foundation, 
the Williams-Waterman Fund of the Research Corporation, and the Lederle Labora- 
tories, Inc. The initial phase of this investigation was supported by the Nutrition 
Foundation, Inc. 
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and difficult to free completely from moisture or solvent. Attempts at 
further purification by ion exchange reagents, such as Amberlite IR-4 or 
acid-washed alumina, were unrewarding. It was recognized at an early 
stage that the search for a crystalline derivative would undoubtedly require 
more material than the few hundred mg. available for study; investigation 
of structure was, therefore, carried out on material purified by fractionation 
of the silver, lead, and barium salts and by solvent fractionation. 

No attempt has been made to estimate the molecular weight of the 
peptide. The results indicate that a minimal unit is made up of 1 ter- 
minal PAB residue, one amide group, 10 or 11 glutamic acid residues, and 
1 unknown amino acid residue, probably acidic in nature. 

Identification of PAB and Mode of Linkage—The PAB moiety has been 
identified by isolation from a hydrolysate and conversion to the picryl 
derivative (see the experimental section). PAB cannot be removed from a 
solution of the peptide by extraction with ether at pH 3.8 (the isoelectric 
point of free PAB), except after acid or alkaline hydrolysis. Since the 
bound PAB responds as an arylamine in the method of Bratton and Mar- 
shall (5), only the carboxyl group is involved in a peptide bond. The 
Bratton and Marshall method has been used also to estimate the PAB 
content of the peptide, a procedure justified by the fact that the PAB con- 
tent of p-aminobenzoylglutamic acid may be estimated accurately by the 
same method. Apparently PAB is linked in the molecule in no other form, 
for the expected amount is recovered after hydrolysis. 

Absorption Spectrum—Further evidence of the mode of linkage is offered 
by light absorption data. The position of the absorption maximum of 
free PAB, as with other benzenoid compounds having ionizing groups, is 
shifted by a change in pH (Fig.1, A). At pH 4 the maximum lies at 280 
my, while at pH 7 and 13 it appears at 267 my, and at pH 1 absorption is 
almost completely abolished in this region. Derivatives of PAB in which 
ionization of the benzenoid carboxy] group is impossible, such as p-amino- 
benzoylglutamic acid (Fig. 1, D) and p-aminobenzamide, display a maxi- 
mum at 275 my which is not altered by changes in pH from 4 to 13, but is 
abolished at pH 1. The absorption curve of the isolated peptide exhibits 
the same characteristics as the two latter compounds: (1) a maximum at 
270 mu in the pH range from 4 to 13 and (2) appreciable diminution at pH 1 
(Fig. 1, C). The low absorption at pH 1 is associated with the ionization 
of the benzenoid amino group. When suppressed, as in N-acetyl-p-amino- 
benzoylglutamic acid (Fig. 1, B), N-acetyl-p-aminobenzoic acid, and N- 
acetyl-p-aminobenzamide, the absorption at pH 1 coincides with that 
observed at higher pH values. This behavior, by contrast to that of the 
polypeptide, offers further evidence that the arvlamino group in the latter 
is not bound. 
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The absorption curve of the isolated peptide does not, however, coincide 
completely with the curve for p-aminobenzoylglutamic acid. The extine- 
tion coefficient of the former is higher than would be expected, and, though 
at pH 1 the value is greatly reduced, some residual absorption is observed. 
An effect such as this might be attributed to acetylation of a fraction of the 
PAB component. This possibility has, however, been definitely excluded 
by the facts that (1) the residual absorption is virtually unaltered by mild 
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Fic. 1. Light absorption curves of isolated p-aminobenzoic acid peptide and re- 
lated compounds. The data were obtained with buffered solutions (X) at pH 7.0 
(0.05 m phosphate); (O) pH 4.0 (0.05 m acetate); and (A) in 0.1 N NaOH; (0D) 0.1 
n HCl. The broken line is the A curve for the isolated peptide. 


hydrolysis (conditions known to remove acety! groups) and (2) the recov- 
ery of PAB on hydrolysis is not greater than expected from its estimated 
value in the unhydrolyzed peptide. The residual absorption disappears 
under the conditions employed for complete hydrolysis and cannot be 
attributed to another light-absorbing constituent of the peptide, since the 
most likely possibilities, tryptophane, tyrosine, and nucleotides, have been 
excluded. It is more probably associated with a contaminating pigment, 
2 or 3 per cent of which might be sufficient to produce the amount of residual 
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absorption observed. If it is assumed that the pigment absorption is not 
affected by pH changes, this absorption may then be subtracted from the 
curve observed at a higher pH. The resulting curve (A curve, Fig. 1, C) 
closely resembles that of the pure peptide; it has a maximum extinction 
coefficient at 275 mu in good agreement with that of p-aminobenzoyl- 
glutamic acid. 

Estimation of Homogeneity—Three preparations of 42, 159, and 207 mg. 
have been separately purified and analyzed for the individual components. 
The analytical data given in Table I show good agreement, considering the 
experimental error of the methods employed. More convincing evidence 
of homogeneity is offered by the results of dialysis. The ratio of PAB to 
total nitrogen was estimated in five successive fractions of the dialysate 
and was uniform within the experimental error. Certainly short peptides, 
having a higher ratio of PAB to nitrogen, would have appeared in the first 
fraction had any been present. 

Estimation of Purity—Preparations of the purified peptide are ash- and 
phosphorus-free and contain about 1 per cent carbohydrate. A polypep- 
tide of the composition assigned should contain about 11.6 per cent nitro- 
gen, if the unknown amino acid does not have an unusually long carbon 
chain. Although data on the nitrogen distribution agree from one prepa- 
ration to another, the total nitrogen and PAB values, based on dry weights, 
vary from 10.0 to 10.5 per cent nitrogen and from 7.6 to 8.1 per cent PAB, 
while the ratio of PAB to nitrogen is the same in all three preparations. 
The ratios were 1:12.8, 1:12.8, and 1:12.7 respectively. Although the 
samples were dried at 110° in vacuo, there was evidence, from the fact that 
the largest sample gave the lowest nitrogen value, that the solvent had 
not been completely removed. The discrepancy cannot be attributed to 
the method of estimation for, in comparison, Dumas and Kjeldahl values 
were in close agreement. If attributed entirely to impurities, the material 
should, at worst, be considered about 90 per cent pure, and, at best, about 
95 per cent pure, if the low nitrogen values can be partially explained by 
incomplete drying of the samples. 

Glutamic Acid Content and Ratio of PAB to Glutamic Acid—I-Glutamic 
acid is a second component of the polypeptide and accounts largely for the 
acidic nature of the unhydrolyzed material. It has been isolated as the 
hydrochloride and estimated by a variety of methods. 

Both the Cohen procedure (6), employing chloramine-T, and the sub- 
micro procedure of Waelsch' (7), which depends on the initial use of nin- 
hydrin, respond with d- as well as with /-glutamic acid. Estimation by 
bioassay! (8) detects only the natural form. Since the results of all three 
methods are in agreement, the glutamic acid must occur entirely in the 


1 We are greatly indebted to Dr. H. Waelsch and Dr. E. Brand for these analyses. 
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natural form. ‘The data recorded in Table I show also that each of three 
preparations gave values in substantial agreement with one another (77.3 
to 78.8 per cent glutamic N of total N). In an attempt to decide whether 
the peptide molecule contains 10 or 11 glutamic acid residues per mole of 
PAB, the decision must be made on the basis of relatively small differences, 
as shown by the theoretical values presented in Table I. With few excep- 
tions, submicro analytical methods with 40 to 70 y of material were em- 
ployed throughout the investigation, owing to the extremely limited supply 
of peptide. In view of the accuracy of the methods employed and of the 
purity of the peptide, a final decision is unjustified, although the data 
appear to favor a 10:1 ratio. 

Components Other Than Glutamic Acid and PAB—The peptide yields, 
on acid hydrolysis, 7.0 to 7.9 per cent of its nitrogen as ammonia. As no 
increase was observed on prolonging the hydrolysis from 11 to 24 hours, 
the ammonia must be considered to have originated in an amide group. 

The sum of the three known constituents, glutamic acid, PAB, and amide 
nitrogen, accounts for 92 to 93 per cent of the total nitrogen. The remain- 
ing nitrogen (7 to 8 per cent) is present as an amino acid, as is shown by the 
values for a-amino nitrogen. If the average a-amino nitrogen value, 84.8 
per cent, as determined by estimates of ammonia liberated after treatment 
with ninhydrin (9), is taken as the basis of calculation, then the sum of this 
value plus the average amide nitrogen (7.6 per cent) and the PAB nitrogen 
(7.8 per cent) accounts for the total nitrogen (100.2 per cent) quite well. 
When a-amino nitrogen was estimated (10) by the amount of CO, evolved 
on treatment with ninhydrin, the values were a few per cent higher and 
were scattered more widely (Table I). It might be inferred from the higher 
values that aspartic acid, which forms 2 moles of CO., was perhaps the 
unknown amino acid.? No aspartic acid has been found in the course of 
attempts at chemical isolation, and bioassay revealed no significant 
amounts. The higher values may perhaps be attributed to other factors 
such as the partial decarboxylation of an unknown carboxyl group. 

The difference (6.8 per cent) between the glutamic acid nitrogen and the 
a-amino nitrogen approximates the value expected (7.1 or 7.7 per cent) 
on the assumption that 1 amino acid residue other than glutamic acid is 
present. The unknown amino acid is not identical with any of the fol- 
lowing: tryptophane, tyrosine, cysteine, methionine, serine, threonine, 
arginine, proline, aspartic acid, histidine, lysine, and probably leucine, 
isoleucine, phenylalanine (see the experimental section); as will be shown 
below, the substance is probably a dicarboxylic acid. 

Estimation of Carboxyl Groups—The unhydrolyzed polypeptide has no 
free amino groups except that attributed to PAB. Electrometric titration 


* In this case the expected value would be 92.3 or 92.9 per cent. 
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with alkali shows that pH 7.5 to 8.5 may be taken as the stoichiometric 
end-point for estimation of the carboxyl groups. No evidence of further 
buffering was observed in the alkaline region up to pH 11. The titration 
curve of p-aminobenzoylglutamic acid displays an end-point in the same 
region with exactly 2 equivalents of alkali. 

In a polypeptide having one PAB group linked through the carboxy], 
10 or 11 glutamic acid residues, one amide group, and 1 additional amino 


TaBLe I 
Analysis of Isolated p-Aminobenzoic Acid (PAB) Peptide 

















Hydrolyzed | Unhydrolyzed 
Letcscntn cane veel Senin ES EEA, sen | elite 
ceunies N N (COs) N — eudiedliets 
| per cont per cent per cent of 
| Mata | etal wt soit oN” | al 8 
Preparation 2 | 78.8 (C)t | | 7.7 87.0 
ee 3 74.1 “ $§ | 7.7% | 84.3f : Fe 84.5 
7.0\| | 89.8t | 
} 5°} 87.0} 
4 77.3 (B)t | 7.7) | 87.0¢ | 84.5) 7.8 88.0 
78.7 (W)|| | 7.9) 85. 1|| 
Theory for i PAB, l amide, | 76.9 7.7 | 84.6 | 84.6 7.7 84.6 
10 glutamic, 1 unknown | 
dicarboxylic | 
Theory for 1 PAB, 1 amide, | 78.6 7.1 | 85.7 | 85.7 7.1 85.7 
11 glutamic, 1 unknown 
dicarboxylic 























* Glutamic acid was estimated by the Cohen method (C), by bioassay (B), and by 
the Waelsch method (W). 

t Hydrolyzed 24 hours in 5 Nn NaOH at 106°. 

t Hydrolyzed 12 hours in 6 nN HCl at 106°. 

§ There was reason to suspect that the low value of this separately handled sample 


was due to incomplete hydrolysis. 
|| Hydrolyzed 24 hours in 6 n HCl at 106°. 


acid residue, the respective numbers of free carboxyl groups arising from 
glutamic acid residues would be 11/14 (78.6 per cent) or 10/13 (76.9 per 
cent) of the number of nitrogen atoms. The average value observed, 86 
per cent, is appreciably higher and suggests the presence of an extra acidic 
group (Table I) over that indicated by the above calculations. If the extra 
carboxy! were associated with the unknown amino acid, the component in 
question would have to be a dicarboxylic amino acid other than aspartic 
acid, since this substance has been excluded from consideration. 

As was pointed out by Ivanovics and Bruckner (11), with regard to the 
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polypeptide of d-glutamic acid elaborated by Bacillus subtilis, the peptide 
bonds of glutamic polypeptides may involve either the a-carboxy! or the 
w-carboxyl groups. Bovarnick (12) has been able to show, by means of 
racemization studies, that the linkages are of the latter type. In the case 
of the PAB peptide, the nature of the peptide bonds is as yet unknown. 

Biological Activity—No biological activity has been observed with the 
peptide itself with respect to either growth-promoting effects or anti- 
sulfonamide action, except in so far as the test organism is able to liberate 
free PAB by hydrolysis. The biological inertness may perhaps be asso- 
ciated with an inability of a molecule of this size to penetrate the cell wall. 
Several years ago Auhaugen (13) investigated the biological activity of 
synthetic PAB peptides. He found p-aminobenzoyl-l-glutamic acid to be 
10 times more active than PAB in reversing the bacteriostatic effect of 
sulfanilamide, but other laboratories have been unable to confirm this 
observation (14, 15). 


EXPERIMENTAL 


Isolation and Purification—The 20-40 strain of Fleischmann’s* yeast was 
autolyzed by suspending 1600 gm. in 4800 cc. of water at 40° and incubating 
the mixture at 38° for 2 hours with frequent stirring. The autolysate was 
added to 16 liters of water and the pH brought to 2.0 by addition of 800 to 
900 cc. of 50 per cent trichloroacetic acid. The resulting precipitate was 
discarded and the filtrate, which amounted to 16.3 liters, after removal of 
proteins, contained 69.1 mg. of total PAB. No attempt was made to 
differentiate between the free and combined forms at this stage, since the 
subsequent treatment with silver nitrate leaves the free PAB in solution, 
whereas the silver salt of the PAB-containing polypeptide is soluble in 
acid solution but insoluble in neutral and slightly acid solution. On the 
addition of 245 cc. of 25 per cent silver nitrate, acid-insoluble silver salts 
precipitated out and were discarded. The supernatant, which contained 
56.0 mg. of total PAB in a volume of 16 liters, was brought to pH 4.5 with 
2 N ammonium hydroxide. The resulting precipitate was centrifuged off, 
washed with dilute silver nitrate, and dissolved in 36 cc. of 50 per cent 
trichloroacetic acid. To the solution, which had a volume of 142 cc. and 
contained 13.8 mg. of total PAB, were added 900 cc. of 95 per cent ethyl 
alcohol. The mixture was allowed to stand at 5° overnight, centrifuged, 
and the precipitate was discarded after being washed with 100 ce. of 80 per 
cent alcohol. The combined supernatant and washings contained 12.9 mg. 
of bound PAB in a volume of 1035 cc. A further purification was effected 
by conversion to the lead salt which, unlike the silver salt, is insoluble in 


* Dr. C. Frey of The Fleischmann Company has generously supplied us with large 
amounts of the yeast. 
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acidified aqueous alcohol. Accordingly, 175 cc. of 20 per cent lead acetate 
were added and the precipitate was washed by centrifugation with 200 ce, 
of water. The crude lead salt was then decomposed by the addition of 20 
ec. of 0.5 m phosphate buffer (pH 6.5). After removing lead phosphate, 
the combined supernatant and washings, containing 6.5 mg. of bound PAB 
in a volume of 175 cc., were treated with 30 cc. of 25 per cent barium acetate. 
Water-insoluble barium salts were centrifuged off and extracted twice with 
50 cc. portions of hot water. The combined supernatant and washings 
contained 4.0 mg. of bound PAB in a volume of 300 cc. The crude barium 
salt, weighing 260 mg., was obtained by precipitation with 2 volumes of 
ethyl alcohol, and contained 2.0 mg. of bound PAB. 

Purification of Crude Barium Salt—The chief impurities of the crude 
material were a pigment, carbohydrate, and a nitrogenous material not 
ontaining PAB. Although none of these was acidic, they were carried 
down to some degree in each precipitation. Effective purification con- 
sisted in repeated precipitation of the barium and silver salts followed by 
precipitation of alcohol-insoluble impurities from solutions of the free 
peptide, and finally by removal of ether-soluble impurities. The purifica- 
tion was accomplished with a yield of about 50 to 60 per cent when the 
procedure was controlled by estimations of PAB. 

In a typical preparation, 2.5 gm. of crude barium salt were repeatedly 
extracted with small portions of water, the combined extracts (30 cc.) were 
made alkaline to phenolphthalein with barium hydroxide, treated with] 
volume of 95 per cent ethyl alcohol, chilled, and the barium salt was cen- 
trifuged off. This process of solution and precipitation of the barium salt 
was repeated until water-insoluble impurities were completely removed. 
All volumes were kept small for this purpose. The barium salt was then 
decomposed by the addition of a small excess of dilute sulfuric acid. The 
solution of the free peptide, containing 16 mg. of PAB in a volume of 30 ec., 
was converted to silver salt by addition of 5 ec. of 25 per cent silver nitrate 
and was brought to pH 2 by careful addition of dilute sodium hydroxide. 
Insoluble material was removed, and the silver salt was precipitated out at 
pH 6. It was centrifuged off, washed with 1 per cent silver nitrate several 
times, suspended in HO, and 0.1 N sulfuric acid was added until solution 
was just achieved. The process of precipitation and solution was repeated 
until all acid-insoluble silver salts were removed. The silver salt was 
suspended in about 10 ce. of 50 per cent alcohol and decomposed with H,5, 
in the usual manner. The solution of the free peptide was then brought to 
a syrup in vacuo under a stream of nitrogen and the residue was extracted 
with 5 cc. of 80 per cent ethyl alcohol. In order to remove all alcohol- 
insoluble impurities without incurring large losses of the peptide, the process 
of concentration and extraction was repeated several times with successively 
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higher concentrations of alcohol until a clear solution of the peptide in 5 
ec. of absolute ethyl alcohol was obtained. 1 volume of ether was then 
slowly added to remove all but traces of remaining pigment. Finally, the 
peptide, dissolved in 2 ec. of absolute ethyl alcohol, was precipitated with 
20 ec. of ether; 12.5 mg. of bound PAB were present. The extract of the 
crude barium salt had a ratio by weight of PAB to nitrogen to carbohydrate 
of 1:3.34: 1.03, and the purified material had a ratio of 1:1.28:0.10. 

Analytical M ethods—Nitrogen was estimated on a submicro scale by the 
Kjeldahl procedure with the distillation apparatus of Markham (16). 
Ammonia was distilled into dilute boric acid and titrated with the aid of the 
Scholander micro burette (17). The error of the method is about 2 per cent 
in a range of 20 to 100 y. 

Amide nitrogen was estimated after aspiration from K2,COs, or after 
steam distillation, by submicro titration on samples containing about 10 
of ammonia. The error of these estimations is consequently about 5 per 
cent. 

Isolation of Products of Hydrolysis—Hydrolysis was carried out in sealed 
tubes at 106° in 6 N HCl or in 5 n NaOH. J/-Glutamic acid was isolated as 
the hydrochloride. The analytical data have been given in a preliminary 
publication (18). The isolation of free PAB from an acid hydrolysate and 
identification as the picryl derivative were also reported earlier. This 
has been repeated on a somewhat larger scale (11 mg.) and improved ana- 
lytical data were obtained. 


Analysis—C,;HsOgN,.. Calculated. C 44.8, H 2.31 
Found. “ @64.° 2.3 


M.p. 284.5°, uncorrected; m.p. of an authentic sample of p-picrylamino- 
benzoic acid 284°, uncorrected; mixed m.p. 284—284.5°. 

Methods Used for Amino Acid Detection—These methods were carried 
out with amounts of hydrolysate sufficient to detect the presence of at least 
2 per cent of the peptide as the amino acid in question. Tyrosine and 
tryptophane were absent when estimation was attempted by the Lugg 
method (19) in an alkaline hydrolysate. Nitroprusside and cuprous mer- 
captide tests were negative for cystine and cysteine, as was the color reac- 
tion of McCarthy and Sullivan (20) employed to detect methionine. Serine 
and threonine must have been absent, for there was no increase in ammonia 
on treatment with periodate (21). The modified Sakaguchi reaction of 
Dubnoff (22) was used to investigate the presence of arginine with a nega- 
tive result. The basis for the exclusion of aspartic acid has already been 
discussed, while lysine and histidine, though not estimated directly, have 
been excluded by the observation that all of the peptide nitrogen was ac- 
counted for either as amide, PAB, or a-amino nitrogen and that evidence 
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of any basic group in the unhydrolyzed peptide, other than the arylamine 
of PAB (pK 2.0 (23)) is lacking. Proline has been excluded by the fact 
that ammonia is not formed on treatment with ninhydrin (9, 24); yet 100 
per cent of the peptide nitrogen has been estimated. That leucine, iso- 
leucine, and phenylalanine were not present was shown by the method of 


Virtanen et al. (25). 


SUMMARY 


1. A peptide of p-aminobenzoic acid (90 to 95 per cent pure) has been 
isolated from yeast in an over-all yield of about 8 per cent of the quantity 
of peptide estimated to be present. 

2. On the basis of the nitrogen distribution and the identification of all 
but one component, a provisional structure has been assigned consisting of 
1 terminal PAB residue, one amide group, 10 or 11 /-glutamic acid residues, 
and 1 unknown amino acid residue presumably acidic in nature. 

3. The chemical and light-absorbing properties of the peptide indicate 
that the PAB moiety is linked to the peptide through the carboxyl group 
and that the arylamino group is free. 


The authors are greatly indebted to Dr. Alvin F. Coburn, Dr. Randolph 
West, and Miss G. Corbett for help in the early stages of the problem. 


Addendum—Some time after this manuscript was submitted for publication, the 
structure of folic acid was published (26). It appears that an essential part of 
the folic acid molecule is analogous to the PAB peptide described here. There re- 
mains to be determined, therefore, whether a functional relationship exists between 
the PAB peptide of yeast and the various conjugates of folic acid. 
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SPECTROPHOTOMETRIC STUDIES 


XIV. THE CRYSTALLOGRAPHIC AND OPTICAL PROPERTIES OF THE 
HEMOGLOBIN OF MAN IN COMPARISON WITH THOSE OF 
OTHER SPECIES* 


By DAVID L. DRABKIN 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, April 12, 1946) 


Attention has been called in Paper XII (2) to the desirability of an 
ultimate standardization of the hemoglobins of those species, including 
man, whose blood is commonly employed in physiological and clinical 
investigations. With this in view the crystallization of the hemoglobins 
and myoglobins of several species was undertaken. At the inception of the 
work it was found that the procedures of Green, Cohn, and Blanchard (3) 
and Cannan and Redish (4), when applied to defibrinated human blood, 
failed to yield satisfactory crystalline products. Refractile material, pre- 
sumably crystalline in nature, could be obtained, but the crystals were too 
small and imperfectly developed to permit crystallographic description or 
interpretation of form and were usually mixed with amorphous particles. 
Both of the above groups (3, 4) of investigators used salting-out procedures, 
necessitated by the unusually great solubility of human hemoglobin in 
reference to that of other species (3, 5). Crystallization in the laboratory 
of E. J. Cohn (3) was accomplished by the dialysis of hemolyzed solutions, 
obtained from citrated blood, against 2.8 m phosphate buffer, pH 6.8. This 
is a modification of a method originally developed by Theorell (6) for the 
crystallization of myoglobin. Cannan and Redish (4), on the other hand, 
added sufficient (NH,)2SO, to concentrated solutions prepared from clotted 
cells to bring the specific gravity up to, but no higher than 1.155. The 
requirement of a critical concentration of (NH4)2SO, was found trouble- 
some. A slight excess of the salt beyond the necessary limit resulted in 
amorphous products, confirming in this respect the finding of the original 
authors. 

In this paper a description will be given of modified techniques, which in 


* Part of the work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research 
and Development and the University of Pennsylvania. Permission for publication 
has been granted. A preliminary report has been presented at the December 19, 
1944, meeting of the Physiological Society of Philadelphia, and an abstract has ap- 
peared (1). 
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many trials have consistently yielded from solutions of adult human hemo. 
globin beautiful, large crystals (in some cases of macro size) of the same 
type regardless of the salt employed in salting-out and independent of the 
method of anticoagulation. From this material crystallographic informa. 
tion was readily and successfully obtained. This permitted a crystallo. 
graphic comparison of the hemoglobin of man with those of other species, 
These findings will be presented together with spectrophotometric data 
upon unusually concentrated solutions prepared from crystalline human 
hemoglobin. In later communications data will be given on horse and 
human crystalline myoglobin (1) and evidence will be furnished in support 
of our earlier interchangeable use of the spectrophotometric constant at 
540 mu of cvanmethemoglobin (2, 7) in studies involving the hemoglobins 
of dog, horse, and man, and a standard for hemoglobin (1) will be proposed. 

A study of the literature suggests that the hemoglobin of man may not 
have been crystallized heretofore in a form suitable for reliable crystallo- 
graphic characterization. Neither Green, Cohn, and Blanchard (3) nor 
Cannan and Redish (4) have given any information as to the crystallo- 
graphic properties of their isolated products. According to Preyer (8), 
earlier descriptions (9-16) of crystalline human hemoglobin are unreliable. 
In the more recent literature the classical treatise of Reichert and Brown 
(17) contains reproductions of 600 photomicrographs of crystalline hemo- 
globin from about 200 species, but none from man. These authors state 
that they succeeded in one instance in preparing crystalline human hemo- 
globin from a placental blood clot. The oxyhemoglobin crystal class is 
described as orthorhombic and probably optically posilive, and reduced 
hemoglobin as monoclinic. The crysals were imperfect, no interference 
figures were obtainable, and “‘no satisfactory optical characters, beyond the 
straight extinction [in the case of the orthorhombic form], were observed” 
(17). Perrier and Jannelli’s finding (18) that somewhat different types 
of human hemoglobin crystals may be obtained from saponized blood of the 
new-born and adult respectively has been verified by Haurowitz et al. (19). 
The description of the crystals by the latter is neither clear nor complete. 
Crystals developed on a microscope slide by admixture of hemolyzed blood 
with saponin are for the new-born described as uniaxial and for the adult as 
biaxial (19). However, by dialysis against (NH,).SO, “‘six-sided, doubly 
refractive, biaxial plates” (presumably pseudohexagonal forms) were ob- 
tained from umbilical cord blood. With the same technique maternal 
blood yielded mainly amorphous material, mixed with a small amount 
of “six-sided plates or pointed needles or scalenic rhomboids, the latter 
biaxial” (19). It will be seen that the crystals of adult human hemo- 
globin obtained by us belong to the tetragonal system, and therefore do not 
correspond to any of the earlier descriptions (10, 15, 17-19). 
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The ultimate method of analysis of the architecture of crystals is through 
their effect on x-rays. This method allows the deduction of intimate 
details of structure, but much information of value may be revealed by 
classical crystallography upon which are founded the fundamental inter- 
pretations applied to Roentgen ray diffraction patterns. Except for pre- 
liminary work on rat and pig hemoglobins (20), only horse hemoglobin has 
been studied by the x-ray technique, but the latter substance has been 
investigated more thoroughly than any other crystalline protein. This 
work has been reviewed by Crowfoot (21) and Astbury (22), and details 
have emerged in reports by Perutz and his colleagues on horse methemo- 
globin (23, 24) and oxyhemoglobin (25), crystallized in the presence of 
(NH,).80,. It is axiomatic that the theoretical wnzt cell, deduced from 
the characteristics of the crystal lattice, is a miniature in its dimensions, 
axial ratios, and optical properties of the crystal, which may be considered 
as an organized complex built up by an orderly, periodic repetition of the 
units. .An example will be furnished in this paper (Table III) of the close 
similarity of results obtained by the x-ray (Perutz (23)) and petrographic 
microscope techniques (the latter used here), applied to wet and drying 
specimens of crystalline horse methemoglobin. 


Methods 


Crystallization Procedures—Most of the preparations from human adult 
blood were made from cells recently separated by centrifugation from fresh 
citrated specimens, containing about 0.5 per cent of sodium citrate dihy- 
drate (75 ml. of a 3.2 per cent solution of the salt, slightly more than iso- 
tonic, per approximately 400 ml. of blood). The essential point is the 
securing of solutions of hemoglobin of suitable concentration. The cor- 
puscles are thoroughly washed and packed by successive mixing and 
centrifuging, one time with 0.9 per cent NaCl and three times with a mixture 
of 1.2 per cent saline and 0.0025 m AICl;. A stroma-free solution, the con- 
centration of which in hemoglobin is of the order of 8 to 10 mm per liter 
(referred to a molecular weight equivalent of 16,700), is obtained from the 
packed cells by dilution with 1 volume of distilled water, thorough mixing 
with 0.4 volume of toluene, and refrigeration overnight, followed by centrif- 
ugation and siphoning off the clear hemoglobin layer. Concentration of 
the hemoglobin is accomplished by dialysis in a refrigerator either against 
saturated (NH4)sSO, (700 gm. plus 1 liter of water, final volume of about 
1390 ml.), the more commonly used procedure, or against 2.8 m phosphate 
buffer, pH 6.8 (3) (371 gm. of Kz,HPO,-3H,O and 160 gm. of KH2PO,, 
quantities approximated from the data of Green (26), made up to 1 liter), 
until the volume of the sac contents is reduced by approximately 45 per cent. 
Under these conditions, three-fourths to four-fifths of the sae contents 
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precipitates in the form of a semisolid mass of refractile granules of oxy. 


hemoglobin, which may be considered crystalline, but unsuitable for char. 
acterization. The dialysis is carried out in sacs made from Visking cellulose 
sausage casing,’ with a ratio of approximately 1:3 volumes within and out- 
side of the sac. The length of time necessary for the required concentration 
of the sac fluid and precipitation of three-fourths to four-fifths of the con. 
tents is, of course, a function of the relative volumes on the two sides of the 
membrane. The ratio given above provides for a relatively slow (6 to 24 
hours) precipitation. The supernatant, concentrated solution, whose titer 
in hemoglobin is now approximately 14 to 17.5 mM per liter (23.4 to 29.2 gm. 
per 100 ml.) and whose specific gravity is of the order of 1.16, is removed 
from the sac. Crystallization from this solution is accomplished by 
the cautious addition drop by drop with thorough stirring of saturated 
(NH,)2SO, or the 2.8 m phosphate buffer. The progress of this procedure 
is followed by microscopic examination, rigorous care being taken to avoid 
the addition of excess salt.2. When definite crystallization has been initi- 
ated, the material is set aside in a refrigerator. Recrystallization may be 
carried out by solution and repetition of the above procedure, without 
change in crystal type, but, in our hands, second and third erystallizations 
rarely vielded as perfectly formed crystals as those originally obtained. 
Crystallization in Presence and Absence of Added Salis—In a critical 
appraisal of the work of Reichert and Brown (17), whose crystallizations 
were usually by makeshift procedures from a drying protein ring on micro- 
scope slides and often from putrescent blood specimens, Hastings (27) has 
pointed out that it would be of considerable importance to reinvestigate 
the comparative crystallography of hemoglobins upon crystals “formed 


1 A product of the Visking Corporation, Chicago. A convenient size of cellulose 
casing, used in this work, is 1} inch diameter. The simplest way to make sacs from 
this tubing is to seal the bottom by making a sufficiently long twist of the casing to 
allow for a firm tie with string, folding over, and application of a second tie. This 
should be done while the tubing is dry. A No. 8, 1-hole rubber stopper, grooved on 
the side, is tied inte the upper end of the tube and two loops of thread are provided 
for hanging the sac on a glass rod, over the dialysis vessel. Sacs of 13 inches length, 
made from the 1} inch casing, accommodate approximately 375 ml. of solution, while 
9 inch sacs are sufficient for 250 ml. Two sacs can be subjected to effective dialysis 
in a 3 liter graduated cylinder, and eight sacs in a tall precipitating vessel of 15 liters 
capacity. The sacs may be employed over again a number of times 

2 After the first appearance of typical crystals, several additional drops of 
(NH,).SO, (or phosphate buffer) are added. If this is not done, the crystals may 


redissolve on standing in the refrigerator. On the other hand, if too mucli salt 1s 
added, an amorphous precipitate will result. When properly crystallized, the crys- 
tals may be preserved in their mother liquor for weeks at refrigerator temperature 
Crystals may also be preserved on a microscope slide, with the edges of the cover-slip 
sealed with Lubriseal. However, such preparations undergo distortion owing to 


dehydration and possibly other factors, such as pressure of the cover 
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from isoelectric salt free solutions.” This condition can be fulfilled with 
dog and horse hemoglobins which are relatively insoluble and crystallize 
with great ease at the pH of their isoelectric points (28), but it cannot be 
met in the case of human hemoglobin owing to its solubility in the isoelec- 
tric region (3). It has been suggested that the presence of salts may have 
some influence on crystalline form (29), or on chemical constitution (30), 
but the x-rav studies have been interpreted as showning that water and 
such salts as (NH4)2SO, lie between the relatively rigid hemoglobin mole- 
cules arranged in coherent sheets, and therefore have little effect on crystal- 
line character. However, to assure comparable conditions of crystalliza- 
tion for the hemoglobins of widely differing solubilities a compromise used 
in the present work was to study those hemoglobins (dog, horse) which 
crystallize spontaneously,’ both in the absence and presence of added 
(NH,).S8O, or other salts. 

Crystallography—Commonly used terms such as needles, rods, prisms, 
plates, and rhombs are of little value in exact crystallographic description, 
particularly when they are based, as in Boor’s work (31), upon photographs. 
The primary requisites of crystallography are a description of crystal habit 
and classification, determined from the elements of crystallization (the 
axial ratios and angles of inclination of the axes (32), and the optical 
character (33)). This information is obtainable by means of the petro- 
graphic microscope (32, 33). In those instances (Tables I and III) in 
which data on axial ratios or typical angles are given, thev represent the 
mean of measurements upon selected, well formed crystals in the proper 
orientation. In the case of the tetragonal crystals of human oxyhemo- 


?“Spontaneously”’ (in reference to crystallization) is used in a broad sense to 
describe the crystallization which practically always occurs with dog hemoglobin 
and often with that of the horse in the course of preparation, as above, of the original 
stroma-free solution (8 to 10 mM per liter concentration). Such spontaneous crystal- 
lization probably does not differ fundamentally from that obtained by isoelectric 
crystallization in methods involving the addition of acid (28). The types of crystals 
secured by the two procedures are identical. A number of years ago J. H. Austin 
and the writer found that the crystalline mesh, which formed spontaneously from 
concentrated hemoglobin solutions, prepared from dog and horse erythrocytes hemo- 
lyzed by freezing and thawing or by the addition of ether, could be redissolved com- 
pletely by alkalization from an original pH of 6.7 to 6.9 to pH 7.6 with NaOH. In 
the present work alkali was not used. The crystalline material was diluted with 0.9 
per cent NaCl, and the supernatant solution, approximately 1.5 to 2.0 mm per liter 
in hemoglobin, was separated from the undissolved crystals by centrifuging. Re- 
crystallization of hemoglobin from the supernatant was accomplished by the addition 
of sufficient saturated (NH,)2SO, solution to make the specific gravity 1.12. With 
stroma-free hemoglobin solutions I have found the following equation useful for ap- 
proximating the quantity of saturated (NH,4)2SO, (sp. gr. = 1.239) needed to reach a 
desired specific gravity: ml. of saturated (NH,).SO, required = ml. of Hb solution 
X ((sp. gr. desired) — (sp. gr. of Hb solution))/(1.239 — sp. gr. of Hb solution). 
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globin, the orientation required is the front profile (see legend to Fig. 1, 4 
and a in Figs. 2 and 3). The axial ratio, c:a, where a = 1.0, is calculated 
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Fic. 1. A, an exact three dimensional representation of the tetragonal erystal o 
human oxyhemoglobin (in the presence of (NH4)2S0,), developed by means of clino- 
graphic projection from the top view and the ratio of c:@ = 1.263:1.0. As shown, 
the top view (along the c axis) is the square base of the tetragonal bipyramid. c in 


the side view is taken = 1.263 in comparison with a = 1.0inthe top view. The angle 
6’ cannot be measured with the petrographic microscope, but angle @ can be measured 
in crystals in front profile orientation (as in a, Figs. 2 and 3). As indicated, angle 6 


is bisected by a’, which is perpendicular to a side of the square base. Therefore, a’ = 
a X sin 45°. The dimension of c is obtained from the trigonometric relation, ¢c = tan 
40 X a’. Since a’ = a X sin 45°, c = tan 46 X sin 45°. B,a representation of the 
monoclinic crystal of horse methemoglobin. The crystal habit developed in the 
monoclinic forms (Figs. 8 and 9, and Fig. 10, A and B) is the side of the prism (front 


profile) and the symmetrical basal pinacoid. The angle 8, between the clino axis, 
a, and c = 111.34°, while the dyad axis, b, is perpendicular to both a and The 
angle 20 = 116.0°. a’ is drawn perpendicular to c. Hence, a’ = a X cos (8 — 90°). 
3ut (from the relation in the basal pinacoid), a’ = b/ cot 6; therefore a = ot 6 
x cos (8 — 90°)). When 6 is taken = 1.0, a = 1/(cot @ X cos (B — 90° e and e’ 


are the extinction angles, respectively,on the prism edge and on the clino edge (see 


Table III 


from c:a = tan 36 X sin 45° = tan 40 X 0.707. In the case of the mono- 
clinic crystals of horse methemoglobin and horse oxyhemoglobin in the 
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presence of oxalate, the orientation necessary is the front profile (side of 
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prism) and the basal pinacoid (Fig. 1, B). The axial ratio a:b, where b 
(the dyad axis) = 1.0, is caleulated from a = 1/(cot @ X cos (8 — 90°)). 
(For the trigonometric relationships involved in the calculations see the 
legend to Fig. 1.) 

Spectrophotomeiry—Concentrated solutions of all of the crystallized 
preparations were subjected to spectrophotometry in the Drabkin and 
Austin special 0.007 cm. cuvette (7); so that, in contrast to earlier prepara- 
tions (3, 4, 17-19, 31), the exact character of the pigment crvstallized was 


established. 


Results 


Tetragonal Human Oxyhemoglobin—The crystals were a beautiful ruby- 
red and strongly anisotropic (birefringent) in all orientations except 
the square base. The erystal habit (Figs. 2 and 3) was pyramidal, with 
the unit bipvramids of the first order in perfect, very symmetrical develop- 
ment. The tetragonal nature of the crystal was proved by the optical 
properties and the interference figures. With many examples of orienta- 
tion in the position of the isotropic square base (top view along the ¢ axis, 
Fig. 1, A; also see Fig. 2), extinction and the typical uniaxial cross (inter- 
ference figure) upon conoscopic observation were independent of the 
rotation of the crystal. In the front profile orientation (a in Figs. 2 and 3) 
extinction was straight or symmetrical (7.¢e. in positions parallel with and 
perpendicular to the ¢ axis). In the position of extinction this orientation 
exhibited the typical uniaxial diffraction pattern on conoscopic observation. 
As the crystal was rotated to the bright position, the isogvres or brushes of 
the uniaxial cross separated, vielding a pseudobiaxial pattern. This be- 
havior is typical for tetragonal bipyramids. The optical character (sign of 
double refraction) was negative; t.e., the ordinary ray, w-, proved to be the 
slow component and therefore had a higher index of refraction than the 
extraordinary ray, e-, parallel to the ¢ axis (Fig. 1, A). This was estab- 
lished without the interference figure (due to the intensity of the color of 
the crystals) by means of the first order red compensator plate, and was 
checked with the quartz wedge. 

The axial ratio, c:a, where a = 1.0, was determined accurately upon 
a sufficiently large number of crystals (Table I) for the main erystalliza- 
tions from citrated specimens in the presence of (NH,4)sSO, or phosphate. 
Apparently the ervstals obtained with sulfate or phosphate are practically 
identical (Figs. 2 and 3; Table I). The use of citrated or oxalated blood 
definitely aided ervystallization, but similar crystals were obtained from 
defibrinated specimens (in the absence of anticoagulants; Table I). 

Twinning, mainly from the faces of the prism (interpenetrant twins, f, 
Figs. 2 and 3) occurred very early in the erystallization and increased 
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Fig. 2. Tetragonal human oxvhemoglobin crystallized (from stroma-free concen- 


trated solutions prepared from originally citrated blood specimens) in the presence 
of (NH,4).SO, 

Fic. 3. Tetragonal human oxyhemoglobin crystallized (from stroma-free concen- 
trated solutions prepared from originally citrated blood specimens) in the presence 
of 2.8 Mm phosphate buffer, pH 6.8. In each case the perfectly symmetrical unit bi- 
pyramids are shown in random orientation. Front profile orientations (a) were used 
Impertect exam] les of the square 


1 


The linear dimensions 


tor measurement ot the apical angle and angle 0 
base orientations are present mainly in Fig. 2 (compare with “top view” in Fig. 1, 
Typical examples of interpenetrant twins are designated by / 


are based on the determined magnification factors. 


progressively with crystal growth in bulk. Secondary growth on non- 
twinned cry stals also occurred. This factor as well as pressure and possibly 
dehydration produced distortion in the ervstals. The optical character 








‘ene 


nee 


en- 
nce 

bi- 
sed 


are 


ms 


m- 
lv 








D. L. DRABKIN 711 


and the tetragonal nature (typical interference figure, etc.) were preserved, 
but the axial angles and ratios (difficult to measure with the petrographic 
microscope in these older large crystals) were markedly altered, as is illus- 
trated in Table I. For conditions of optimal measurement freshly crystal- 
lized specimens were employed. Pressure on the cover-slip was avoided, 
since the crystals were soft and easily fractured. 

















TABLE I 
Arial Angles and Azial Ratio, c:a, of Crystalline Adult Human Oxyhemoglobin* 
se cia tees : ! 7) | | = fossa ~ 
No. of | Apical : 
pl Axial 
Nature of specimen Salt used oy at comet | ratio, 
ured values) 6:0'¢ 
ages : dupa 
Citrated, fresh........ (NH,)280, 30 121.53 + 0.48 | 59.68 | 1.263 
66 old growth§ % 6 | 135.0 +1.0 46.4|| | 1.706 
- fresh.........| Phosphate 26 123.87 + 0.40 | 59.2 1.326 
buffer 
Oxalated, ‘“‘4.........| (NH4)2SO, 18 | 121.55 + 0.24 | 59.63 | 1.265 
Debrinated, fresh . sas 5 | 121.8 +0.5 59.6 | 1.271 
ee “« ......|Phosphate 8 | 123.75 + 0.12 | 59.4 | 1.324 
buffer | 














*Character of pigment derivative established spectrophotometrically (see the 
text and Table II). 

t See Fig. 1, A and a in Figs. 2 and 3. 

t Axisa = 1.0;c = tan 40 X sin 45°. 

§ Growth in bulk at refrigerator temperature in beakers covered with watch- 
glasses for a period of 7 to 10 days. Under these conditions a tendency towards con- 
version to ferrihemoglobin (methemoglobin) was demonstrated spectrophotome- 
trically. In 10 days the amount of oxidation (formation of methemoglobin) is of 
the order of 1 to 3 per cent (see foot-note 5). 

|| Owing to the nature of the secondary growth the measurement of these angles 
was uncertain (see the text). 

§ Similar crystals were obtained in the presence of 1 per cent oxalate, added to 
stroma-free solutions prepared from originally defibrinated blood specimens. 


The spectrophotometric data upon solutions of freshly crystallized adult 
human hemoglobin collected in Table II (Experiments 2 to 5) establish 
unequivocally that no detectable alteration in the character of the pigment 
from that present in normal, hemolyzed blood, exposed to air (Experiment 
1), occurred in crystallization. On the basis of the excellent agreement of 
the absorption constants (e€ values, defined in the legend to Table I1) for 
HbO, in the different preparations (Column 7, Table IT), the unusually 
high ratios of é573:¢s62 and €42:¢se2 (Columns 8 and 9), and the closely 
agreeing « values at the 555 mu maximum for Hb (Column 11), prepared 
from corresponding HbQ, solutions by means of NaS.O,., the conclusion 
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must be reached that the crystallized preparations were of unchanged 
oxyhemoglobin. Limitations in technique do not permit a decision as to 
the possible presence of similar quantities of ferrihemoglobin (methemo. 
globin) of an order of less than 0.5 per cent of the total pigment in both 
the original blood and the crystalline specimens. But the present data 
fortify our earlier conclusion (2) that the presence of more than this minimal 
quantity of MHb appears to be incompatible with the findings. 

Particular attention may be directed to Experiments 3 and 4, Table II, 
which attest to the unusual solubility of human oxyhemoglobin (3). In 
spite of the presence of a high concentration of (NH4)25O,, at a pH of 5.93 

determined by the glass electrode), solutions were measured spectrophoto- 
metrically in the Drabkin and Austin special cuvette (7) at a concentration 
in oxyhemoglobin of 32.8 and 38.2 mm per liter (54.8 and 63.8 gm. per 10 
ml., respectively). The agreement of the ¢ values obtained on these very 
concentrated solutions with corresponding values from measurements upon 
501-fold diluted samples in cuvettes 1 em. deep (Experiments 3a and 4a 
provides evidence that the pigment was in true solution. The concentra- 
tion of 63.8 gm. per 100 ml. is double that normally present in the erythro- 
cytes of man and is believed to be the highest concentration of hemoglobin 
yet studied by optical or other physical techniques. Drabkin and Austin 
(7) some years ago measured horse oxyhemoglobin spectrophotometrically 
at a concentration of 42.7 gm. per 100 ml., but in the absence of salts and 
at pH 7.8. The concentration of 63.8 gm. per 100 ml., attained in the 
present work, represents the limit at which solutions of hemoglobin can be 
measured with any degree of accuracy in the 0.007 cm. cuvette. Such 
unusually concentrated solutions were found to gel on standing exposed to 
air for a short period of time. 

Preparation of Solutions for Standardization, and Preservation of Hemo- 
globin—Experiment 2, Table II, is an example of data obtained from solu- 
tions of the refractile, crvstalline-like precipitate formed in the sacs upon 
dialysis against saturated (NH,).SO,. Although this material was un- 
suitable for crystallographic characterization, it was in the fresh state un- 
altered oxyhemoglobin, and was used to provide salt-free solutions for 
studies on hemoglobin standardization (1) to be reported later. The salt- 
free solutions were prepared either from this precipitate or from the tetrag- 
onal crystals, by dialyzing their solutions at refrigerator temperature 
against water (double distilled in glass to avoid metallic contamination) 
until the dialysate was free of chloride and sulfate. (My colleague, Dr. 
J. H. Jones, has reported to me that such hemoglobin preparations are also 
practically free of phosphate.) 

The measurements recorded in Experiment 5, Table IJ, indicate that the 
procedures of crystallization and dialysis, which required about 1 week, 
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produced no change in the hemoglobin. For preservation the salt-free 
oxvhemoglobin solution was saturated with pure carbon monoxide, and 
either stored as such in the refrigerator or in vacuum-sealed bottles in the 
dry form, following desiccation in the frozen state. At refrigerator tem- 
perature the HbCO solutions were found to remain unchanged for several 
months, while the preparations vacuum-dried in the frozen state (of which 
several hundred gm. were made) appeared to be extraordinarily stable. 
Except for a very slow conversion to MHb, such preparations may be 
preserved for vears. Since 1937, when the writer and E. W. Flosdorf (36) 
first prepared hemoglobin derivatives by the “lyophilization” process, 
occasional periodic tests have been made upon the preparations, stored in 
sealed containers in a refrigerator. Specimens of lvophilized dog evan- 
methemoglobin have remained unaltered for 9 years. Preparations of hemo- 
globin (tested for a period of 5 years) were partially oxidized to MHb,* but 
were undenatured in the sense that total pigment still remained completely 
convertible to Hb by means Of NasSeO,. 

Orthorhombic Dog and Horse HbO.—Figs. 4 and 5 (tor dog) and Figs. 6 
and 7 (for horse) illustrate the crystal habit of bulk erystallizations of dog 
and horse HbO.. Figs. 4 and 6 are specimens of spontaneous crystalliza- 
tions’ from concentrated stroma-free solutions prepared from defibrinated 
blood, while Figs. 5 and 7 are corresponding recrvstallizations from dilute 
solutions in the presence of (NH,).SO, to afford conditions approaching 
those used for the crystallization of the very soluble human HbOy:. It is 
obvious that this salt had little effect on the character of the crystals. The 
erystals in all cases were long prisms, often of capillary form. The orienta- 
tions of these ervstals prepared in bulk are such that avyial angles could 
not be measured. However, the extinction was straight (parallel with and 
perpendicular to the brachypinacoid or ¢ axis), and in larger crystals the 


Results obtained by the writer are in full agreement with the recent report oft 
Farr and Hiller (37) that dry hemoglobin with only minimal quantities of MHI{b can 
be prepared by vacuum drying from the frozen state, and that such preparations 
when exposed in the dry state to air are extraordinarily susceptible to conversion to 
MHb. It may be stated that qualitatively this change towards ferrihemoglobin is 
not unusual. The change occurs slowly and progressively when dilute solutions of 
oxvyhemoglobin are allowed te stand exposed to air (38), and more rapidly when 
material such as the solid precipitate obtained in the dialysis against saturated 
(NH,).SO, is stored in non-evacuated containers. Here the conversion can be fol 
lowed by the progressive change in color from the surface downwards. Tetragonal 
crystals of HbO. undergoing slow dehydration on a microscope slide have also been 
found to be partially converted to MHb. Such conversion in itself has apparently 
little influence on the erystal system, and suggests that human HbO, and 
MHb (formed after crystallization) may be crystallographic pseudomorphs, It does 
not follow, however, that human MHb formed before crystallization need erystallize 


in the te tragonal svstem see the case of horse MU b in the text 
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biaxial interference pattern Was observed. The crystal svstem is therefore 
. . ° . . ' 
orthorhombic. No monoclinie forms (see below) were observed in’ such 





Fic. 4. Orthorhombie crystals of dog oxvhemoglobin crystallized spontaneously 
trom stroma-tree solution S prepare d from defibrinate d blood specimens 

Fig. 5. The same reervstallized in the presence ot NH sO) The preparation 
shown in Fig. 4 was used, and solution followed by reerystallization was by the pro- 
cedure described in foot-note 3 

Fig. 6. Orthorhombie erystals of horse oxvyhemoglobin crystallized spontaneously 
from stroma-free solutions prepared from defibrinated blood specimens 

Fic 7 The same re« rvstallized in the presence of NH sO) The preparation 
shown in Fig. 6 was dissolved and reervstallized according to the procedure in foo 


note 3. The linear dimensions are based on the determined magnification factors. 


erystallizations. It was established spectrophotometrically that the ervs- 
tallized specimens were oxvhemoglobin. With these less soluble ervstals 
ol dog and horse Lib it Wiis possible to convert the m completely to MUb 
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by means of a drop of concentrated IKske(CN )s added to the specimens on a 


microscope slide. Conversion was accomplished without evident change in 





Fic. 8. Monoclinic crystals of horse oxvhemoglobin crystallized from stroma-free 
solutions by acidification to pI 6.6 in the presence of 3 per cent potassium Oxalate. 
In the absence of oxalate typical orthorhombic erystals, as in Fig.6, were obtained 
from an aliquot of the same hemoglobin solution 
Fic. 9. Monoclinic erystals of horse oxyhemoglobin recrystallized in the presence 
of 3 per cent potassium oxalate and (NH,oSO,. The preparation shown in Fig. 8 
was dissolved by acidification to pH 6.0 and recrystallized by addition of (NH 4).8O, 
Twins typical of horse hemoglobin are indicated by l The linear dimensions are 


based on the determined magnification tactors 
erystal type. This is a good example of pseudomorphism for erystals of 
dog and horse HbO. and MHb. 

Monoclinic Horse HbOs in’ Presence of Ovalat In confirmation. of 
Reichert and Brown (17), monoclinic horse HbOs crystals (Figs. 8 and 9 
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and l’xperiment F Table IT] were secured eithe) Irom stroma Iree solutions 


pre pared Irom blood to which potassium oxalate had hee nh added final 
concentration Ol salt, per cent) or trom stroma-tree solutions To Which 
oxalate in the above concentration Was added 


It Is Cleat from the photo- 
TABLE ITI 

I Ingles and Axial Ratios of Vonoclinic H © Oxyhemog n* and Mi 

bint and Efiect of D ng on ¢ Slalline Charact tH e Meth 


; Angle 8 A \ 
I : 
HbOs. in pres 102.5 + 0.¢ 114.0 + 0.5 15 4a 
ence of 3¢ yx 
oXalate and 
NIL, .80 
Fig. 9 
2 \MIELb, in pres 111.34 + 0.20 16.0 + O.] 1.0) 1.720 (1.708) t# 
ence of (NH 6.5-9 99 
Ss), 
satt MIEHb, in pres 111.3 (LIL. 1)tt 116.0 1.71S (1.708) tt 
sbrtt ence of (NH, 114.7 114.6 1.712 
act} SO) 118.0 (116.2)tt 113.2 1.71S (1.708) ¢F 
sdqt 122.3 (127.5)tt 110.2 1.695 (1.708) 4+ 
137 .5)tt 1. 630) tt 


| stablished Sp r trophot ome trically 
r Conversion to MHb befor: crystallization by addition of | l moles of KoFe(CN 
per | mole of hemoglobin iron 


I Mean values, except In Experiment 3, in whiel individual crystals were meas 
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ur 
y Anis / L.0; a 1/(cot 0X cos (8 i) 
extinetion angle On prism edge (e, Fig. 1. B 
* Extinction angle on clinopinacoid (e’, Fig. 1. B 
Py tically identical ervstals are Obtained in ibsenes Ol NH st) Fig 10 
The values in parentheses are based on X-ray measurements under comparable 
conditions, by Perutz (22 


tt Measurements on the same erystals 


one mm the sicte Ol the prism ind t hie othe r 


In the basal pinacoid orientation (Fig. 1. B during Progressive slow drving (over 
foi Mi of 7 day Ss) ona mye roscope slick 


micrographs (Figs. 8 and 9) that the bulk of the crystallization is in the 
monoclinic s\ stem. The axial angles, Including the characteristic oblique 
extinetion angles, and axial ratios for these ery stals are given in l’xperiment 
lL, Table IT] One brush of the biaxial interference hgure, eccentric to 


the held ana revolving as the ervstals were revolved on the stage, was 
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Fig. i. 13). This behavior suggests that these ervstals were optically 
positt 17). A comparison of Figs. S and 9 reveals that, as in the 
ease of the orthorhombic ervstals of dog and horse HbO., the presence of 
NH y)28O, did not alter the ervstalline character of the monoclinic ery stals 
ot horse LbOs.. 

Monoclinic ( 'rystals of Hlorse MHlb kither in the presence or ‘iia al 
ia iit the typical habit of CY) stals made from stroma-free solutions 





Fic. 10. Monoclinie erystals of horse ferrihemoglobin (methemoglobin) crystal 
lized spontaneously from stroma-free solutions to which KyFe(CN), had been added 
in a concentration of 1.1 moles of ferricyanide to 1 mole of hemoglobin iron 1 and 
B are identical photomicrographic fields with the Nicol prisms uncrossed and crossed 
respectively. Crystals oriented at the proper oblique angle in respect to the axes 
‘indicated by crossed arrows H and V) to show complete extinction are designated by 
a and b, which correspond in A and B. The linear dimension is based on the deter- 


mined magnification factor. 


of horse MHb (conversion to MHb before ervstallization by means of 1.1 
moles of KsFe(CN)¢« per 1.0 mole of hemoglobin iron) was monoclinic (Fig. 
10 and Experiment 2, Table III). When horse hemoglobin was in the 
oxidized form prior to crystallization, in contrast to conversion after crys- 
tallization, no orthorhombic crystals were found in the specimens. 

The orientations most frequently observed in the thin plate-like mono- 
clinic forms were the side of prism and symmetrical basal pinacoid (Fig. 
1, B). Measurements upon these sections vielded the data summarized 
in Table IIT. Periodic measurements upon the same individual crystals, 


respectively in the side of prism and basal pinacoid orientations, during 
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progressive slow evaporation of the mother liquor on the Microscope slide, 
revealed the distortion produced as a consequence ot dehydration (lExperi- 
ments 3a to 3d, Table I[]). The data of Perutz (23) obtained by X-ray 
analvses of slowly drving horse MHb in the presence Ol NHy)oSO0,4 are 
included for comparison. It appears that in this connection similar results 


are vielded by the petrographic microscope and x-ray techniques. 
DISCUSSION 


In this study of the ervstallization under similar conditions of hemoglobin 
in bulk of three species, man, dog, and horse, three distinet ervstal svstems 
have been revealed: tetragonal, orthorhombic, and monoclinic. Reichert 
and Brown (17) assumed that horse HbO:, for example, is dimorphic, 
ervstallizing in both the orthorhombic and monoclinic svstems. The same 
svstems have been found in the present work, but monoclinic forms of 
11bQ. were not observed in the absence of oxalate. Hence, tor the present 
the question of such dimorphism must remain unsettled, since the ervstalli- 
zation in the monoclinic svstem mav be due to an actual combination of 
the hemoglobin with oxalate (29, 30). Tlowever, I have demonstrated 
that bigh concentrations of such salts as (NII,)oSO; are without effect on 
the crystal class, thereby allowing a direct comparison of the crystalline 
forms in hemoglobins of widely differing solubilities 

Reichert and Brown (17) further believed that all the ervstalline hemo- 
globins are members of an isomorphic or isopolymorphic series. [In support 
ot this hv pothesis a definite relationship appeared to exist In the axial 
angles of the biaxial ervstals (orthorhombic and monoclinic forms). The 
uniaxial (tetragonal and hexagonal forms) could not be fitted into this 
scheme. Tetragonal-like ervstals were observed by Reichert and Brown 
only in the he moglobins of the fallow deer and the collared peceary, but 
these ervstals were so small that interference figures could not be obtained. 
Reichert and Brown (17) therefore concluded that such forms could repre- 
sent mimetic twins of the orthorhombic svstem. The hemoglobin of man, 
prepared by the writer, thus provides an exception to Reichert and Brown’s 
rule. Crystalline human hemoglobin may be unique, but it is definitely 
a true tetragonal form, and hence the value and applicability of the theory 


of isomorphism of hemoglobins may be questioned 


[am highly indebted to Dr. A. W. Postel, Department of Geology, Uni- 
versity of Pennsylvania, for checking mv conclusions with reference to 
the crystallographic character of human hemoglobin, and for his helpful 
advice. \cknowledgment is due also to Dr. D. Hl. Black of the University 
Hospital for supplving periodically large quantities of human cells, col- 


lected from blood drawn from normal subjects for the blood bank, and to 
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Miss H. Lorraine Leidy for technical assistance. The excellent photo- 
micrographs in Figs. 2 to 9 were made by Mr. Basil B. Varian of the De- 
partment of Anatomy. 


SUMMARY 


The preparation of concentrated stroma-free solutions of hemoglobin 
has been described. From such solutions the hemoglobin of adult man has 
been successfully crystallized in a form suitable for crystallographic charac- 
terization. The crystalline products have been identified spectrophoto- 
metrically as unaltered oxyhemoglobin. 

Owing to the great solubility of human hemoglobin, its crystallization 
was accomplished in the presence of (NH,4)2SO,4 or phosphate buffer. In 
each case similar, relatively large crystals were obtained in the habit of 
perfectly symmetrical bipyramids. The character of the crystals has been 
shown to be independent also of the method of anticoagulation employed in 
the original blood specimens. The crystal system was proved to be tetrag- 
onal, which is unique for crystalline hemoglobins. Crystallographic in- 
formation was secured by means of the petrographic microscope and has 
been presented. 

The less soluble hemoglobins of the dog and horse have been crystallized 
both in the absence and presence of (NH,)2SO,y. High concentrations of 
the latter salt were found not to affect the crystalline character. The 
crystallization of dog and horse HbO, in the presence of (NH4)2SO, afforded 
for the first time the possibility of comparing the hemoglobins of the three 
species, man, dog, and horse, when crystallized in bulk under comparable 
conditions. In these three species three distinct crystal systems were 
found: tetragonal, orthorhombic, and monoclinic. The validity of Reichert 
and Brown’s hypothesis (17) that all the crystalline hemoglobins belong to 
an isomorphic series has been questioned, largely owing to the discovery of 
the tetragonal (uniaxial) human hemoglobin. 

From the crystallized preparations of man, dog, and horse, salt-free solu- 
tions of unchanged oxyhemoglobin have been prepared by dialysis against 
water. Such solutions after conversion of the pigment to carbonyl hemo- 
globin (HbCO) may be preserved unchanged for several months in the 
refrigerator, or the pigment may be vacuum-dried in the frozen state. In 
vacuum-sealed containers at refrigerator temperature such preparations 
have remained undenatured for years. 

Owing to the great solubility of crystallized human HbO., it was possible 
to obtain accurate spectrophotometric data upon unusually concentrated 
solutions of this pigment. One such solution had a concentration in the 
presence of (NH,).SO, of 38.2 mm per liter or 63.8 gm. per 100 ml., approxi- 
mately double the concentration of hemoglobin in the normal erythrocytes 
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of man, and probably the highest concentration of hemoglobin yet studied 


by opt ical means. 
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A SPECTROPHOTOMETRIC METHOD FOR THE 
DETERMINATION OF PENICILLIN* 


By ROGER M. HERRIOTT 
(From The Rockefeller Institute for Medical Research, Princeton) 


(Received for publication, March 28, 1946) 


A physicochemical method has been developed by which 5 to 75 y (8 to 
120 Oxford units) of penicillin per ml. may be determined within an error of 
+5 per cent. The procedure requires about 20 minutes for one complete 
analysis, but a large number of samples may be analyzed at one time. 
Since crystalline penicillins G, X, K, and F have nearly the same extinction 
per unit weight, a single measurement of any preparation containing these 
penicillins in any proportion determines the total penicillin present. 

Principle 

Crystalline salts of pure penicillins G, X, K, and F, freshly dissolved in 
acetate buffer, pH 4.6, do not absorb in the region of 290 to 360 my (see 
Fig. 1 and Table II). After heating in this buffer they absorb strongly in 
this region, with a maximum at 322 mu. The impurities in crude prepara- 
tions absorb in this region but the increase on heating is due only to penicillin 
(see Fig. 3). The present method consists of measurement of the change 
in absorption at 322 my produced by heating under controlled conditions 
and comparing this change to that of a similarly treated standard 


preparation. 
The preparations used are listed in Table I. 


Procedure 


Two related procedures have been used: the first one, Procedure A, when 
ample quantities of more concentrated solutions were available; the second, 
Procedure B, when the concentration or quantity was low. 

Procedure A—A 2 ml. aliquot of a penicillin solution containing 20 to 300 
y per ml., or roughly 35 to 500 Oxford units per ml., was added to 6 ml. of 
0.4 M acetate buffer,' pH 4.6, in a 30 to 50 ml. test-tube. 4 ml. of this solu- 
tion were pipetted into another test-tube. One of the tubes was placed in 
boiling water for 15 minutes, after which it was cooled rapidly to room 
temperature. The absorption density of the heated and unheated aliquots 
was determined at 322 my in a Beckman D.U. quartz photoelectric spec- 
trophotometer (1). 


* This work was done in consultation with the Committee on Medical Research 
of the Office of Scientific Research and Development. 
1 The ratio of molar concentrations of sodium acetate to acetic acid is 1. 
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Procedure B—To 4 ml. of a penicillin solution containing 5 to 50 y pe 
ml., or 8 to 80 Oxford units per ml., was added 0.25 ml. of a 5 M acetat 
buffer solution, pH 4.6.'. The final concentration and pH were close t¢ 
that in Procedure A. The absorption density of this solution was 
determined before heating and then again after heating, as in Procedure A 

Notes—(a) The micrograms per ml. in the above procedures refer to pur 
penicillin. (b) The #£,%, used later in this paper is equal to £, ad x 


10 and is the absorption density per microgram per cm. of depth or 


TABLE [| 
Vaterials 


Bioassay; Elementary analyses,® per cent 
Sta pnylococcus 
rreparation : = 
Lureus 
nits per mg ( H N S Na H:0 
Crystalline sodium penicillin | 53.94 | 4.77 | 6.45 
GTt(CrA-152-60 | 53.75 | 4.87 6.36 
Crystalline ammonium peni 1750-2000f | 53.46 | 8.13 | 11.69 | 8.99 | 3.5 
cillin Kf (AV-73) 53.22 | 8.09 | 11.62 | 8.92 
Crystalline sodium penicillin 
X§ 
Crystalline penicillin I 1632 50.27 | 5.73 8.38 
175k-ANW-6) 50.19 | 5.94 | 8.56 
Commercial, Penicillin 10064) 368 
' 
, . 9994 | 1000 


| 





* The upper reading for each preparation is the calculated value; the lower read- 


ing, found. 

t Supplied by Dr. O. Wintersteiner, The Squibb Institute for Medical Research, 
New Brunswick, New Jersey. 

t The Bacillus subtilis-Staphylococcus ratio = 0.3 to 0.4 

§ Supplied by Dr. Henry Welch, Food and Drug Administration, Washington, 
D. C. 

| Supplied by Dr. G. F. Cartland and Dr. A. N. Wick, The Upjohn Company, 
Kalamazoo, Michigan. 

€ Supplied by E. R. Squibb and Sons, New Brunswick, New Jersey. 


thickness. (c) In Procedure A it was found convenient to analyze the un- 
heated sample while the other aliquot was being heated. (d) During the 
time of heating a small funnel in the mouth of the test-tube served as 4 
reflux condenser. (e) Reproducible conditions must be maintained, par- 
ticularly when a standard penicillin is not analyzed simultaneously. A 
constant volume of boiling water, the level of which was kept just above 
the level of the sample in the test-tube, has been satisfactory. Depending 
on the number of samples heated at one time, the source of heat and volume 
of water should be such that introduction of the tubes causes the tempera- 
ture of the water to drop no more than 2-3°. 
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Conversion of Observed Increase in A bsorption Density to Penicillin 


Concentration 


There are several related procedures for accomplishing this conversion 
which are worth noting for their usefulness under different circumstances. 
As will be discussed in another section, the change in absorption does not 
increase exactly linearly with increasing concentrations of penicillin; 7.c. 
the specific extinction, # ; Y,» 8 not constant (see Table III). Were it 
not for this slight deviation, conversion would be simple. 

The three following procedures may be used. 

Empirical curves, such as are shown in Figs. 2, A and 2, B, have resulted 
from plotting the averages of the values in Table III. It is important to 
have a scale large enough to permit a precise conversion, particularly in the 
region of low concentration (see Fig. 2, B). 

A less precise, but convenient, procedure assumes no deviation from 
linearity; z.e., Beer’s law is obeyed. The observed increase in density is 
divided by the Ei%m. = 0.022. All results obtained by this method will be 
correct within +10 per cent. 

Another procedure, which has certain obvious advantages, particularly 
if the conditions of the procedure have to be altered to any degree, is the 
comparison of the density of the unknown solutions with those of simul- 
taneously analyzed standards. 


Results 


Different Kinds of Penicillin—Table II contains the absorption densities 
at various wave-lengths of 25 y per ml. of crystalline sodium penicillins, 
G, X, K, and F, before heating, as well as after heating. It may be seen 
that the different penicillins show almost identical absorption densities at 
any wave-length between 290 and 400 mu. There is practically no absorp- 
tion over this range before heating, but after heating the absorption is 
very strong, with a maximum at 322 my. This is shown graphically in 
Fig. 1 where, to eliminate confusion, only the curves of crystalline sodium 
penicillin G have been plotted. 

The results shown in Table II indicate that the spectrophotometric 
analyses are independent, within the limits already stated, of the nature or 
proportion of the various penicillins. To determine the extent of any 
possible interaction or influence of one penicillin on another, particularly 
during heating, equal quantities of the four kinds of penicillins were dis- 
solved together and analyzed at different levels of concentration. In 
every instance the spectrophotometric analysis of this mixture agreed 
within 5 per cent of the correct total concentration of penicillin. 


? This inconstancy of E} sf was brought tothe writer’s attention by Dr. Frank H. 
Wiley of the Food and Drug Administration, Washington, D. C. 


a 
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Effect of Penicillin Concentration on Absorption Density—The analyses 
of various concentrations of crystalline sodium penicillin G are shown in 
Table III and Fig. 2. It may be seen that the Z ,?. increases from about 


TaABLe II 
Ultraviolet Absorption Spectra 
25 y per ml. of crystalline sodium penicillinsG, X, K,* and F, before and after 
heating 15 minutes at 100° in 0.3 m acetate buffer, pH 4.6. 


wn = geet) Io 
Absorption densities, log I 








Wave- | Before heating After heating 
length —_——_——- — 
_— Penicillin Penicillin 

G xX K F G x K , 


miu 
400 | 0.010 0.000 | 0.003 0.005 | 0.001 0.000 | 0.000 | 0.002 
375 | 0.000 | 0.000 , 0.000 0.003 0.006 0.006 0.006 0.010 
360 | 0.000 | | 0.001 | 0.003 | 0.027 0.030 | 0.033 
350 0.002 | 0.000 | 0.002 | 0.002 | 0.115 | 0.120 | 0.120 | 0.120 
345 0.004 0.000 | 0.005 | 0.001 | 0.218 | 0.220 | 0.223 | 0.220 
340 0.005 | 0.000 | 0.009 | 0.002 | 0.345 | 0.340 | 0.343 | 0.343 
335 0.007 | 0.002 | 0.010 | 0.001 | 0.445 | 0.440 | 0.455 | 0.450 
330 0.009 | 0.002 | 0.012 | 0.002 | 0.520 | 0.505 | 0.535 | 0.530 
|} 0.570 0.550 0.595 | 0.580 


325 0.010 0.003 | 0.015 | 0.004 








0.013 0.000 0.375 0.360 0.425 | 0.395 


322 0.010 | 0.003 | 0.015 0.005 0.580 0.570 0.610 | 0.590 

320 0.010 0.002 0.016 0.005 | 0.580 0.560 0.610 0.590 

315 0.010 | 0.002 | 0.016 | 0.005 0.545 0.524 0.590 | 0.560 

310 0.008 0.002 | 0.013 0.000 0.470 0.450 0.525 | 0.490 
| 


305 | 0.007 0.000 


0.005 0.000 | 0.010 0.000 | 0.283 0.260 0.325 | 0.300 


300 
290 | 0.002 0.004 | 0.007 0.003 0.135 0.135 0.156 | 0.142 
280 | 0.000 | 0.070 | 0.004 0.005 | 0.060 0.130 0.069 | 0.060 
270 | 0.000 0.067 0.004 | 0.007 0.040 0.110 0.045 | 0.037 
260 | 0.010 | 0.027 | 0.007 | 0.003 | 0.070 | 0.095 | 0.060 | 0.053 
250 | 0.015 | 0.033 0.018 0.010 0.123 | 0.145 0.120 | 0.120 
240 | 0.030 0.140 | 0.044 | 0.044 0.154 0.225 0.190 | 0.190 


* This material was an ammonium salt containing 3.5 per cent moisture. The 
absorption densities have been corrected to an anhydrous material and to a sodium 
salt to make it comparable with the other penicillins. 


0.0200 at 5 y per ml. to 0.0227 at about 25 y per ml., or about 12 per cent 
over this range. 

Precision and Reproducibility—An examination of the results in Tables 
III and IV will show how readily reproducible the results are. Occasionally 
a value is obtained which is out of line, for which no adequate explanation 
can be given. This is annoying but not a frequent oceurrence. 
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It may be seen from the results in Tables III and IV that individual 
values deviate from the average rarely more than 5 per cent. 

Commercial or Crude Preparations and Interfering Substances—-Whereas 
the purified preparations showed practically no absorption between 290 
and 400 mu before heating, the crude or commercial preparations absorb 
considerably over this range (see Fig. 3). However, the increase in absorp- 
tion upon heating is almost directly proportional to the penicillin concen- 
tration (see Table IV and Fig. 3). The shape and location of the curves 
obtained by plotting the increase in absorption against the wave-length 
are very close to, if not identical with, those of pure penicillin. This is 


0.6\— 4 4 — | ee — } 








Absorption density log 1,/1 


| 





















0350 275 300-325 350 375 400 
Wave length - mz 


Fig. 1. Ultraviolet absorption curves of 25 y per ml. of crystalline sodium penicil- 
lin G, before (©) and after (A) heating 15 minutes at 100° in 0.3 m acetate buffer, 


pH 4.6. 


strong evidence that only penicillin is responsible for the change in absorp- 


tion density upon heating. 

Table IV shows the results of two series of spectrophotometric analyses 
of five different commercial preparations carried out on different days. 
Bioassays* and Scudi colorimetric analyses‘ of the samples were included 


*The bioassays were obtained by a slightly modified Oxford staphylococcus 
cup method (2) (an unpublished modification from The Squibb Institute for Medical 
Research and the Biological Laboratories of E. R. Squibb and Sons). The figures 
are the average of four to eight single assays with six cups per assay. They were 
made by Miss Helen Jones of the Penicillin Potency Laboratory of E. R. Squibb and 
Sons, New Brunswick, New Jersey. 

‘The colorimetric values (Scudi, unpublished method) represent the average of 
six to seven analyses of each sample. They were determined in Dr. A. P. Richard- 
son’s Pharmacological Division of The Squibb Institute for Medical Research. 
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for comparison. It may be seen that the spectrophotometric analyses are 
in substantial agreement with those obtained by the two other methods, 


TABLE III 


Change in Absorption Density at 322 mp after Heating Various Concentrations of 
Crystalline Sodium Penicillin G 


oe le 
Absorption densities, log 7 


Before After A : fe 
y perm 

2.5 0.000 0.053 0.053 0.0212 
2.5 0.000 0.050 0.050 0.0200 
2.5 0.004 0.054 0.050 0.0200 
2.5 0.002 0.050 0.048 0.0192 
5.0 0.000 0.105 0.105 0.0210 
5.0 0.005 0.162 0.097 0.0198 
5.0 0.005 0.098 0.103 0.0206 
5.0 0.000 0.100 0.100 0.0200 
7.5 0.000 0.143 0.143 0.0191 
7.5 0.005 0.157 0.152 0.0203 
10.0 0.000 0.210 0.210 0.0210 
10.0 0.003 0.215 0.212 0.0212 
12.5 0.002 0) .267 0.265 0.0212 
12.5 0.003 0.270 0.267 0.0213 
15.0 0.003 0.342 0.339 0.0226 
15.0 0.004 0.332 0.328 0.0218 
20.0 0.000 0.445 0.445 0.0223 
20.0 0.004 0.449 0.445 0.0223 
25.0 0.008 0.572 0.564 0.0226 
95.0 0.013 0.605 0.592 0.0236 
30.0 0.013 0.695 0.682 0.0227 
30.0 0.018 0.700 0.682 0 .0227 
35.0 0.015 (0). 807 0.792 0.0226 
35.0 0.016 0.825 0.809 0.0231 
i 0 0.020 (0.925 0.905 0.0226 
10.0 0.025 0.938 0.913 0.0228 
50.0 0.030 1.13 1.10 0.0220 
50.0 0.035 1.16 1.125 0.0225 
75.0 0.038 1.70 1.66 0.0221 
75.0 0.048 1.78 1.74 0.0232 


Thus far no impurity has been found whose absorption at 322 mz is 
changed on heating under the conditions of the method. Crystalline or 
commercial impure penicillins inactivated by 0.1 v HCl or 0.1 N NaOH do 
not show any increase in absorption when subsequently heated and analyzed 
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by the present method (see Fig. 3). Thus penicillin inactivated, but carried 


along during purification, will not interfere with the determination. 
































t 


Straight line ae =0.0227 


| 


Observed values | 1 | 





2 30 40 50 60 70 60 




















2 
 "" 
> Crystalline penicillin G - g/ml 
E ——> oa a 
$03 oe mar 4 
s | 8 
_ 4 } / 
s 5 oe 
2 | | 7 
< 4 
a 
2 0.2 r 
2 
| 
| 
0.1 ———} | 
| | 
| | | 
eee SS 
5 5 10 15 


Crystalline penicillin G - zg /mi 


Fic. 2. Effect of increasing concentrations of crystalline sodium penicillin G on 
the change in absorption density at 322 my brought about by heating under standard 


conditions. 


A great many substances either absorb or scatter light of 322 my and 
when present in sufficient concentration prevent a precise estimation of the 
penicillin. Blood, urine, and certain microbiological suspensions contain 


such interfering substances in high concentrations. 


It has not been 


possible as yet to separate quantitatively the penicillin from these sub- 
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stances and thus render the spectrophotometric method applicable to 
such systems. 

Extinction—If it is assumed that the above method produces a complete 
conversion of penicillin into the absorbing material, then the extinction, 
E'* | for this substance is about 227 (see Table III). The molecular 
extinction, assuming no change in molecular weight, would be about 8000. 

Since the molecular weights (3) of the various penicillins as well as their 
extinctions (see Table II) do not differ by more than 10 per cent, the molec- 
ular extinctions of all these heated penicillins will be nearly the same. 


— 
| 


oO a] oO 
w = wo 


Absorption density (log I,/1) 


Oo 
~m 


oO 





°270 300 a ; 400 
Wave length (mz) 

Fig. 3. The ultraviolet absorption curves of 75 y per ml. of a crude penicillin 
preparation (No. 1006, about 18 per cent penicillin). @ before heating; © after 
heating; O increase caused by heating; treated 30 minutes with 0.1 N alkali (OQ) or 
0.1 n HCl (A), then neutralized, and heated in acetate, pH 4.6. 


Variables of Method and Their Effect on Absorption Density—Figs. 4, 
5, and 6 bring out the effect of most of the variables of the method on the 
absorption density of different penicillin preparations. Preparation 1006 
was dark red and assayed only 18 per cent penicillin. Preparation 999 
was light yellow and was about 60 per cent penicillin, while the crystalline 
sodium penicillin G was considered 100 per cent. 

Other experiments indicate that unheated solutions of penicillin in 0.3 
m acetate buffer, pH 4.6, change their absorption densities at the rate of 
3 to 4 per cent of the heated absorption value per hour at 26°. Thus, for 
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Preparation No. 


1585 
1612 
1614 
1618 
1621 

Crystalline 


sodium 
G 


Per cent 


| peni- 
| cillin 


44 








Dilution 
in water* 


:1000 
:1500 
7300 
:200 
7600 
:1000 
7600 
7500 
:60 
1:100 
9.7 mg. in 
150 ml. 
9.7 mg. in 
300 ml. 


i ne a a 


Absorption density, 


log T 


0.070 


| 
| 


0. 050/0. 325)0. 275) 
0. 45/0. 027/0.23 
0.345 
0.39 
0.242 
0.060/0 .355/0 .295 
0.236 
0.405 
0.25 
0.343 


0 .065)0.41 
0.050/0 .44 
0.038/0.28 


0 .044/0 .28 
0 .065)0 .47 
0 .040)0 .29 
0007/0 .35 





0.007|0.18 











| Oxiord units per ml. original sample 





0.48 0. 41 pe 000 


0.173 














photamettict Bioassay,| scudi 
—— _| Staphy- colori- 
eit Sempl os metric 
| n : | “f 1s matin’ method 
128,000 |114,000 
‘1: 20 ,000 
20 ,000 31,800) 15,000 
20 ,000 16,000 
68 ,000 60,300 | 57,000 
70,000 
34,000 40 ,000t} 29,000 
34,000 31,000 
7,000) 6,560 | 5,045 
| 7,250 








* This dilution does not include the 1:4 dilution in acetate buffer of Procedure A. 
t The acetate buffer used in these particular analyses was pH 4.8. 
t Since this work was completed, it has been found that these two preparations 
were more unstable than usual and that a number of days elapsed between perform- 
ance of the bioassay and the spectrophotometric analysis. 
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Fic. 4. Effect of time of heating at 100° in 0.3 m acetate buffer, pH 4.6, on the 
absorption density measured at 322 my. 
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Fic. 5. Effect of concentration of acetate buffer on the absorption density of 


penicillin preparations at 322 my after heating 15 minutes at 100 
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Fic. 6. Effect of pH on the change in absorption densities at 322 my produced by 


heating penicillin preparations 15 minutes at 100° 


at least a half hour the change is negligible. Once the samples have been 
heated and cooled, there is no further change for several hours. 
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Attempts to increase the absorption density by using solvents other than 
sodium acetate-acetic acid buffer of pH 4.6 were without success. The 
materials tested at pH 4.6 were formate, chloroacetate, glycine, propionate, 
lactate, citrate, butyrate, borate, phosphate, sodium octyl sulfate, as well 
as magnesium, barium, mercuric, and potassium acetates. Substances 
such as sodium chloride, magnesium sulfate, ethyl aleohol, methyl cello- 
solve, acetic anhydride, and others were added to 0.3 m acetate, pH 4.6, 
but were likewise depressing in action. Propionic acid-sodium propionate 
buffer at pH 4.6 was just as effective as acetate buffer but no more so. 

Heating for various periods of time at 80°, or allowing the samples to 
stand for long periods at room temperature, failed to raise the absorption 
value above that obtained by heating 15 minutes at 100°. 

Apparatus—While any sensitive ultraviolet spectrophotometer will 
presumably be adequate, the Beckman (1) instrument is admirably suited 
for this measurement. It requires only 4 ml. of solution and has proved 
very reliable. The instrument was standardized against the strong hydro- 
gen line at 656 my, as recommended by the manufacturer, and in addition 
against 0.02 per cent benzene solution in isooctane. The three highest 
absorption maxima were obtained at 261, 245.5, and 249 my, which are 
within 1 or 2 mu of the positions given in the International Critical Tables. 


DISCUSSION 


A discussion of the relative merits of the present method may not be out 
of place at this point. They are speed and simplicity, reliability and re- 
producibility, the wide range of concentrations included by a single test, 
the small volume and concentration of material required, the freedom from 
interference by normal impurities in commercial preparations, and indepen- 
dence of the nature or proportions of the various penicillins. 

The biggest objection to the method is the cost of the instrument for 
measurement of the absorption density. A photoelectric colorimeter 
with quartz cells and a steady light source confined to 315 to 330 my could 
be used in place of the spectrophotometer. 

The spectrophotometric method gives a precise value of the total peni- 
cillin content of any preparation. This may or may not be quantitatively 
related to its antibiotic activity. However, since the antibiotic activity 
varies with the test organism (4) and among the different penicillins (4, 5), 
there is no particular advantage in having the penicillin ‘content expressed 
in Oxford units rather than in mg. of pure penicillin. Differential bio- 
assays on a variety of organisms yield useful qualitative information only 
when the mixture of penicillins is unusual, such as when there is a high 
proportion of K, X, or F penicillin. Specific and quantitative tests for 
each different penicillin would be preferable to any test now available. 
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SUMMARY 


A method is described by which 5 to 75 y = about 8 to 120 Oxford units 
per ml., of any of the four known penicillins, pure or crude, may be de- 
termined in 20 minutes with an error not greater than +5 per cent. 


The writer is glad to acknowledge the receipt of advice and generous 
quantities of crystalline, as well as crude preparations, from the individuals 
and organizations indicated in Table I. 
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FERRITIN 


IX. INCREASE OF THE PROTEIN APOFERRITIN IN THE GASTROINTESTI- 
NAL MUCOSA AS A DIRECT RESPONSE TO IRON FEEDING. THE FUNC- 
TION OF FERRITIN IN THE REGULATION OF IRON ABSORPTION 


By S. GRANICK 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, May 1, 1946) 


The function of ferritin in the storage of iron, especially in the organs 
of the liver, spleen, and bone marrow, has been previously described 
(1, 2). In this paper, the réle of ferritin in the regulation of the absorption 
of iron by the intestinal mucosa is considered. 

From recent work of McCance and Widdowson (3) and of Greenberg, 
Copp, and Cuthbertson (4) it has become clear that iron is handled by the 
body in a manner differing from that of elements like sodium or potassium. 
These are absorbed freely and excess is excreted. Iron, however, once 
absorbed or parenterally administered, is found to be very largely retained 
by the body. It becomes obvious that if excess iron is not to be excreted 
a mechanism for the control of iron absorption must be present. 

That this mechanism for the regulation of iron absorption is localized 
in the gastrointestinal mucosa was shown by the work of Hahn, Bale, 
Ross, Balfour, and Whipple (5). Chronically anemic dogs were found to 
absorb iron at a rate 5 to 15 times the normal, indicating that, in the 
normal dog, some resistance or block to iron absorption was present. A 
sudden severe bleeding of a normal dog did not bring about an immediate 
response of increased iron absorption; increase began only after several 
days, suggesting that the resistance to iron absorption was indirectly re- 
lated to the iron reserves of the body. Greater or lesser degrees of re- 
sistance to iron absorption were noted. For example, after administration 
of iron, the degree of resistance to further iron absorption could be shown to 
increase rapidly for several hours. This resistance, or ‘mucosal block,” 
did not disappear immediately but remained for several days and then 
gradually declined. These investigators accordingly suggested that the 
mucosal block might be represented by a temporary storage of iron in the 
mucosal cells, possibly in the form of ferritin. Only when this storage iron 
of the mucosa had been depleted below a certain level would more iron be 
absorbed. 

The properties of ferritin (a protein of molecular weight 465,000 to which 
is attached a specific type of iron hydroxide micelle) would appear to be 
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well suited to play such a réle. In order to obtain evidence that ferritin 
is one of the important factors in the regulation of iron absorption, it is 
necessary to demonstrate, in the first place, that ferritin is present in the 
mucosa; secondly, that feeding of iron will result in a rapid increase in the 
ferritin content of the mucosa, parallel to the rapid development of the 
mucosal block; and, lastly, that the ferritin in the mucosa remains for 
several days and only slowly disappears in a manner parallel to the slower 
disappearance of the “mucosal block.’ 


Methods 


Male albino guinea pigs, raised at the Institute and fed on a diet of 
cabbage, hay, and oats, were used. They were generally selected at a 
stage of rapid growth, 7.e. at 500 to 700 gm. body weight when there appeared 
to be a relatively great demand for iron, so that iron absorption might be 
presumed to be not greatly impeded by excess storage iron. The animals 
were sacrificed by a sharp blow on the head. The tissues examined were 
the cardiac stomach, which makes up most of the stomach in the guinea 
pig, and the pyloric stomach, which is a small smoother area around the 
pyloric sphincter; in addition, the small intestine (approximately 100 cm. 
long) was divided arbitrarily into three equal lengths, and, in succession, 
the cecum, a region about 8 cm. long and 3 cm. wide, the large intestine, 
some 60 cm. long, consisting of a portion 1 cm. wide, and, lastly, a narrow 
portion about 0.5 em. wide. 

The method employed to determine ferritin in the gastrointestinal tract 
is only semiquantitative but has the advantage that as little as 2 to 5 cm. 
lengths of the tract can be used for a ferritin determination. The procedure 
used was to cut the tract lengthwise, wash away the intestinal contents 
with isotonic saline, dry the tissue superficially, and scrape off approxi- 
mately 0.2 gm. portions (fresh weight) of the mucosa onto glass slides. 
Microscopic examination has shown that the mucosa is readily separated 
from the submucosa by gentle scraping. This portion was then stirred with 
3 to 4 drops of 10 per cent aqueous CdSQ,, a cover-slip was placed over it, 
and the moisture was permitted to evaporate slowly overnight in a chamber 
containing some filter paper saturated with water. Complete evaporation 
was avoided. Crystals of ferritin appeared, the concentration being esti- 
mated by counting the crystals under a high dry or oil immersion lens. 
Longer periods for crystallization did not change the count significantly. 
When ferritin was present in high concentration, the crystals were found 
to be numerous and also relatively larger than in other circumstances. 
On the other hand, traces of ferritin were often detected only by tedious 
search under an oil immersion lens for tiny ferritin crystals. For example, 
the first evidence of the presence of ferritin in the intestinal mucosa was 


ritin 
it is 
1 the 
1 the 
' the 
3 for 
ower 


t of 
AL a 
ared 
t be 
mals 
vere 
inea 
the 
cm, 
10n, 
ine, 
TOW 


ract 
cm. 
lure 
nts 
OXi- 
les, 
ted 
‘ith 
it, 
ber 
ion 
sti- 





S. GRANICK 739 


obtained by finding on a slide four ferritin crystals of the size of red blood 
cells. The crystals are extremely insoluble when once formed. They 
have a tendency to develop on the under side of the cover-slip, thus greatly 
facilitating observation. They are readily recognized by their brownish 
color, high refractive index, and sharp crystalline octahedral edges. No 
colorless crystals were observed. To avoid giving the impression of a 
quantitative procedure, the content of ferritin given in Tables I and II 
is designated by numerals from 0 to 5. With the aid of an assistant, 
the dissecting, washing, and sampling of the gastrointestinal tract were 
accomplished in 30 to 45 minutes. 

In the feeding of iron, ferrous ammonium sulfate dissolved in molasses 
syrup in a concentration of 10 mg. of Fe per cc. was administered by pi- 
pette. In order to determine the histological distribution of iron in the 
mucosa, scrapings of the mucosa were treated with a few drops of isotonic 
saline freshly treated with hydrogen sulfide (6), and a cover-slip was 
placed on the sample, which was then examined directly. 


EXPERIMENTAL 


In a normal guinea pig of around 600 gm. weight (Table I), the ferritin 
of the intestinal mucosa was barely detectable in a region about 5 ecm. 
long starting just below the pyloric sphincter (7.e., the duodenal region), 
where it was higher than anywhere else along the tract. Ferritin was only 
occasionally detected in other portions of the small intestine. However, 
in comparison with the ferritin concentration of other tissues of the guinea 
pig, the duodenal mucosa contained more ferritin per unit weight than did 
the spleen, kidney, marrow, and pancreas, but less than did the liver. 

The response to the feeding of ferrous ammonium sulfate in molasses 
was well marked 4 to 5 hours after the feeding, the ferritin having in- 
creased in concentration especially in the mucosa of the duodenal region 
and also in the jejunal region. Some 7 hours after iron was fed the ferritin 
content had attained a maximal value and was present in the mucosa all 
along the small intestine. It is probable that the response of increased 
ferritin to iron feeding was more rapid than is indicated by these figures, 
since the high sugar content of the administered ferrous solution appre- 
ciably slowed down the emptying time of the stomach. At the end of 7 
hours, iron was still present in the stomach, a strong positive test for 
ferrous iron, and a very strong positive test for ferric iron being observed 
with the a,a’-dipyridyl reagent. 

The feeding of ferrous iron for several days in succession did not change 
the picture of ferritin distribution which was observed 7 hours after a 
single iron feeding. When iron was fed so as to induce maximal ferritin 
formation and the iron feedings were then stopped, ferritin was observed 
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to have diminished appreciably by the 3rd day after the last feeding, 
but only by about the 6th day after the last feeding did the ferritin content 
of the mucosa diminish to approximately the level of the normal control 
animals. 

With successive iron feedings (Table I, Guinea Pigs 19, 20), an ae- 
cumulation of iron became evident histologically when the mucosal scrap- 
ings were treated with a saline solution containing hydrogen sulfide. The 
typical picture of iron staining observed was similar to that early de- 
scribed by Macallum (7). 

In the normal unstained lamina propria of the duodenum, some large 
fixed tissue histiocytes were observed in the tip of the core of the villus. 
These cells often contained yellow or greenish yellow granules and vacuoles. 
When stained with hydrogen sulfide, these cells of the normal mucosa 
occasionally appeared somewhat darkened but only in the duodenal region, 
not below. On feeding iron for 5 to 7 days, the granules and vacuoles of 
these histiocytes were stained a dark gray to black with hydrogen sulfide, 
and tiny black granules were sometimes observed within the columnar 
epithelial cells. Not infrequently, some of these histiocytes were seen 
lying between the columnar cells as if preparatory to being extruded into 
the gut. Below the duodenal region, the reaction for iron became less 
pronounced and was rarely seen in the lower portion of the small intestine 
or in the large intestine. No correlation was observed between the feeding 
of iron and the histologically stainable iron of the liver and spleen. 

In considering the place of origin of mucosal ferritin, two types of cells 
appear as possibilities; t.e., the fixed tissue histiocytes and the columnar 
epithelial cells. Since large variations in the stainable iron of the histio- 
cytes have been observed without corresponding changes in the ferritin 
content of the mucosa, it is suggested that it is the columnar epithelial 
cells of the mucosa which may be the site of formation of the ferritin. 
The fixed tissue histiocytes, on the other hand, would seem to function 
primarily as a protective mechanism by taking up excessive amounts of 
iron into their vacuoles. Continued high iron feedings appear to lead to 
the extrusion of these heavily iron-laden cells into the intestinal cavity. 

To explain the increase of ferritin in the mucosa on feeding iron, it is 
necessary to consider what mechanism could be supposed to bring about 
an increase in the protein apoferritin. One suggestion that seems reason- 
able is that apoferritin (like some adaptive enzymes) is constantly being 
produced and broken down in the mucosal cells so that, at any one time, 
very little apoferritin is present. If apoferritin, when formed, was pro- 
tected by the adhering iron hydroxide micelles (in a manner analogous to 
the protection afforded an enzyme in the presence of its substrate), it 
might tend to accumulate as ferritin. In this manner, ferritin might 
appear to increase in response to iron feeding. 
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In order to determine whether the increase in ferritin in the mucosa, on 
feeding of iron, could be related to differences in the rate of autolytic di- 
gestion of apoferritin and ferritin, the following experiments were carried 
out. Crude beef liver homogenate was selected as a source of proteolytic 
enzymes, since no ferritin can be isolated from this tissue with the cus- 
tomary procedure and no correction blank need therefore be made. The 
liver was homogenized with an equal weight of isotonic saline. ‘To 150 cc. 
of this homogenate were added, with stirring, 4 cc. of horse ferritin (or 


TaBLeE II 
Incubation of Horse Apoferritin and Ferritin with Beef Liver Homogenate 
‘ Packed, 
= incubation | rig gaia 
at @ or apoferritin 
| hrs. ce. 
1 cc. ferritin | 0.13 
4‘* apoferritin 0.13 
A Liver brei control 0 0.00 
; + 4 ec. ferritin 0 0.100 
+4°** apoferritin 0 0.110 
B ac ** control 4 0.00 
” incubated 4 hrs.; 4 ec. ferritin 0 0.080 
added prior to isolation 
Liver brei + 4 cc. ferritin 4 0.100 
+ 4° apoferritin 4 0.090 
C . ‘* control 8 0.00 
- sie ‘* incubated 8 hrs.; 4 cc. ferritin 0 0.013 
added prior to isolation 
Liver brei + 4 cc. apoferritin 0.015 
+ 4‘ ferritin 0.020 
D i ‘* buffered with PO, 
Liver brei control incubated 20 hrs.; 4 ec. fer- 0 0.055 
ritin added prior to isolation 
Liver brei control incubated 20 hrs.; 4 ec. apo- 0 0.061 
ferritin added prior to isolation 
Liver brei + 4 ec. apoferritin 20 0.055 
0.070 


+ 4“ . 20 


apoferritin) solution and 2 cc. of toluene, and the mixture was incubated 
for various lengths of time at 40°. A control vessel was also run in which 
homogenate was incubated for a given interval and then ferritin or apo- 
ferritin added just prior to isolation. For the isolation, 100 cc. of water 
were added to the vessel, which was heated rapidly to 80°, and the solution 
was filtered, treated with 35 gm. of ammonium sulfate for each 100 cc. of 
filtrate, and left in the ice box overnight. The precipitate was then 
dialyzed against water for a day and crystallized in 10 per cent CdSO,. 
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The ferritin (or apoferritin) was recrystallized as previously described (8) 
and, finally, the erystals were centrifuged down in graduated tubes under 
standardized conditions. The recoveries are expressed in terms of the 
volume of the crystals obtained after two crystallizations. In Experiments 
A, B, and C, no attempt was made to control the pH of the autolysate, 
which decreased with time. In Experiment D, 20 cc. of M NasHPO, were 
added at the start to the homogenate, thus bringing the pH from 6.3 up to 
7.3. At the end of 20 hours incubation, the pH was 5.1. 

The recovery of about 75 to 80 per cent of the ferritin, as twice crystal- 
lized material, from a freshly prepared homogenate containing 40 mg. of 
ferritin and 75 gm. wet weight of liver (Table II, Experiment A) illustrates 
the adequacy of the isolation procedure and the insolubility of the crystals. 
Incubation at 40° with liver homogenate for a period of more than 4 hours 
led to somewhat lower recoveries. These low recoveries were due pri- 
marily to difficulties arising from the separation of ferritin (or apoferritin) 
from the products of the liver autolysate, as shown by corresponding control 
experiments. 

Under the conditions of these experiments, there arose an anaerobic, 
actively reducing medium, and a pH tending toward 5, which greatly 
favored catheptic activity and the breakdown of proteins. However, 
there was no difference in the rate of disappearance of the protein apo- 
ferritin as compared to ferritin, and no appreciable autolysis of either of 
these substances can be considered to have occurred. 

In another experiment, in which an active trypsin preparation was 
incubated for 2 days at 38° in phosphate buffer at pH 7.5, little or no 
digestion of native apoferritin was observed. Heat-denatured samples 
of ferritin and apoferritin materials, however, were found to be digested 
to the extent of over 90 per cent (non-precipitable by trichloroacetic acid). 

From these experiments it is suggested that there may be other me- 
chanisms than the ordinarily considered proteolytic enzymes which may 
be responsible for the digestion of apoferritin in the living mucosal cells. 


DISCUSSION 


The experimental data presented here, when considered together with 
the data of Hahn et al. (5), suggest that the regulatory mechanism con- 
trolling iron absorption is a function of the ferritin content of the mucosa. 
There is good evidence that iron is absorbed in the ferrous form. When 
iron is fed, the excess iron absorbed is converted to the ferric state and is 
temporarily stored in the form of ferritin in the mucosa. 

In order to explain the regulatory function of ferritin, the following 
hypothesis, modified in part from that of Hahn et al. (5), is suggested 
(see the accompanying diagram). When the cell is “physiologically 
saturated” with respect to ferrous iron, no further iron is assumed 
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to be absorbed from the tract. An equilibrium relaticnship is _pos- 
tulated between the ferric iron of ferritin and the ferrous iron in the 
mucosal cells. After an iron feeding, ferrous iron enters the mucosal cells, 
much of it being temporarily stored in the form of ferritin. A point is 
reached eventually at which the cells would be ‘“‘physiologically saturated”’ 
with respect to ferrous iron and then no further iron would be absorbed. 
Experiments indicate that it requires several hours to attain this saturation 
state, and, during this time, a resistance or mucosal block to further iron 
absorption develops. Parallel to this increase in resistance is the rapid 
increase in the content of ferritin. Then the iron, perhaps in the ferrous 
form, diffuses out into the blood stream, where it is immediately autoxidized 
to the ferric state and transported away, attached to some specific com- 
ponent of the (8 + y) globulin fraction (9). The diffusion of iron out 
of the cell would involve the reduction of some ferric iron of ferritin whereby 
the saturation state of ferrous iron would be maintained. Only when 
the ferritin iron had decreased to a point where the mucosal cells were no 
longer physiologically saturated with ferrous iron would more iron be 
absorbed from the gut. Experiment shows that only about 3 to 6 days 
after an iron feeding does the ferritin in the mucosa drop back almost to 
normal. This slower rate of disappearance of ferritin also parallels the 
slower rate of disappearance of the mucosal block. 

What the “physiological saturation” level with respect to ferrous iron 
is, how the storage iron of the body or the serum iron level influences the 
rate of absorption, how the iron moves only in one direction through the 
epithelial wall are problems that await further study. 

The processes outlined above are represented in the accompanying 
diagram. 

Gastrointestinal tract Mucosal cell Blood stream 


Fe*t —_—__—> Fet* —- Serum globulin Fe**t 
Ferritin (Fe***) 

As has been previously remarked, the absorption of iron leads to a marked 
increase in the ferritin of the mucosa. For example, the normal duodenal 
mucosa of the guinea pig may show from one to ten tiny crystals per slide, 
the crystals being visible only with the aid of an oil immersion objective. 
Some 7 hours after feeding iron, the duodenal mucosa will show 200 to 500 
crystals per slide, readily counted under a high, dry objective. Since 
ferritin consists of the protein apoferritin to which are attached iron 


hydroxide micelles, it might be considered that the feeding of iron merely 
resulted in the attachment of the iron micelles to the apoferritin already 
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present within the mucosal cells. This, however, is not the case. Apo- 
ferritin has been shown to crystallize as readily as ferritin (10), the crystal- 
lization with CdSO, being a function of the protein itself. In all of the 
present experiments, when ferritin could not be detected, apoferritin 
could not be observed either. One is thus forced to the conclusion that 
the feeding of iron leads to an increase in the concentration of th specific 
protein apoferritin within the mucosal cells of the gastrointestimal tract. 
The apoferritin then serves as a repository for the iron hydroxide micelles, 


SUMMARY 


A semiquantitative method has been developed which permits a relative 
estimation to be made of the ferritin content of 2 to 5 em. segments along 
the gastrointestinal tract of the guinea pig. 

Ferritin is just detectable in the duodenal mucosa but rarely elsewhere 
along the tract. When ferrous iron is fed, the ferritin increases markedly, 
especially in the duodenal and jejunal regions, an appreciable increase 
being noted within 4 to 5 hours, and a maximal response within 7 hours 
after feeding. After a period of some 3 to 6 days, the ferritin has returned 
to the level of the controls. These data, when considered together with 
radioactive iron absorption studies, suggest that ferritin in the mucosa 
is concerned with the regulation of iron absorption and represents the 
primary factor for the mucosal block. The feeding of iron leads to the 
increase in the concentration of the specific protein apoferritin, which 
appears in the form of ferritin. 

Incubation with beef liver macerate did not appear to cause the autolysis 
of either ferritin or apoferritin, suggesting that catheptic enzymes may 
not be the agents which function in the disappearance of these proteins. 


We wish to acknowledge our gratitude to Dr. L. Michaelis for his advice 


and interest in these studies. 
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PHOSPHORUS COMPOUNDS IN ANIMAL TISSUES 


II. A COMPARISON OF METHODS FOR THE ESTIMATION OF NUCLEIC 
ACIDS 


By WALTER C. SCHNEIDER* 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 


Vadison 
(Received for publication, May 14, 1946) 


Recently two methods for the estimation of nucleic acids in animal 
tissues appeared almost simultaneously (3, 4). Although the techniques 
employed in these independently conducted experiments differed con- 
siderably, the results agreed remarkably well. Some discrepancies in 
the results obtained by the two methods were, however, evident. For 
this reason and because of the increasing interest in the réle of nucleic 
acids in cellular physiology, it seemed of interest to compare the results 
obtained by the two methods on the same sample of tissue. 

The present report describes the results of the analysis of six rat tissues 
for nucleic acids by the two methods and also describes an improved 
method for nucleic acid analysis which incorporates the principles of both 


methods. 


Methods and Materials 


Preparation of Tissues—Adult rats of the Sprague-Dawley strain were 
used for analysis. The animals were killed by decapitation and the tissues 
were removed immediately and chilled on cracked ice. Portions of the 
tissue were weighed and homogenized in distilled water at 0° in the appa- 
ratus of Potter and Elvehjem (2).' 

Removal of Acid-Soluble Phosphorus Compounds and Phospholipides 
Equal aliquots of the tissue homogenates were pipetted into each of two 
15 ml. centrifuge tubes and acid-soluble compounds were removed as 
described previously (4). Phospholipides were then removed from the 
tissue residues by the method reported previously (4) with the exception 
that the extractions with boiling aleohol-ether were omitted, since it was 
found that these extractions did not appreciably increase the yield of 
phosphorus extracted. 

Nucleic Acid Removal, Method of Schneider (4)—The residue contained 
in one of the tubes after removal of acid-soluble and fat-soluble compounds 


* Fellow of the Jane Coffin Childs Memorial Fund for Medical Research. This 
investigation has been aided by a grant from the Jane Coffin Childs Memorial Fund 
for Medical Research. 

‘ Now obtainable from the Central Scientific Company. 
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was heated with 5 per cent trichloroacetic acid to extract the nucleic 
acids (see (4)). This extract will be referred to as Fraction I. The protein 
residue which remained after heating with trichloroacetic acid was dissolved 
in 2 per cent NaOH to form Fraction II (see (4)). 

Nucleic Acid Removal, Modification of Method of Schmidt and Thann- 
hauser (8)—The method of Schmidt and Thannhauser was modified 
slightly to include heating with trichloroacetic acid to obtain the desoxy- 
ribose nucleic acid (DNA) in solution so that it might be determined 
colorimetrically. The procedure was as follows: The tissue residue which 
remained in the second centrifuge tube, after removal of acid- and alcohol- 
soluble materials, was treated for 20 hours at 37° with 1 n KOH (see (3)). 
This treatment resulted in solution of the tissue (Fraction III). DNA 
and protein were precipitated with acid as described (3) and the filtrate 
containing the pentose nucleic acid (PNA) and protein phosphorus was 
removed and termed Fraction IV. The precipitate containing the DNA 
was heated with trichloroacetic acid (see (4)) to dissolve the DNA. The 
trichloroacetic acid extract was designated Fraction V. 

Analyses—Total phosphorus was determined by the method of LePage 
and Umbreit (1). DNA was measured by the reaction with diphenyl- 
amine (4) in Fractions I and V. PNA was measured in Fractions I and IV 
by the orcinol reaction (4). Nucleic acids served as standards for both 
reactions (see (4)). Inorganic phosphorus was precipitated from Fraction 
IV as the calcium salt and determined colorimetrically (1). 


Results 


The analytical results are reported in Table I. In confirmation and 
extension of the previous results (4, 5), it was found that all of the phos- 
phorus present in the extracts of tissues heated with trichloroacetic acid 
could be accounted for by nucleic acids as measured by pentose determina- 
tions (see Table I, compare Fraction I-A plus I-B with I-C). 

The DNA values found by the method of Schmidt and Thannhauser 
(see Fraction IV-D, Table I) were higher than the results reported earlier 
by these authors (3). The most striking case was that of spleen in which 
the DNA content was found to be almost 3 times as high as they had 
reported. A possible explanation of the higher results we obtained may 
lie in the fact that our analyses include four animals, while the results of 
Schmidt and Thannhauser apparently were based on single analyses. With 
the exception of liver and brain, the DNA found by the method of Schmidt 
and Thannhauser (phosphorus analysis) agreed remarkably well with the 
DNA found by desoxyribose analyses (compare Fractions IV-D and V-A). 
The DNA found by desoxyribose determinations in the modified method 
is in excellent agreement with the DNA found by the method of Schneider 
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(compare Fractions V-A and I-A), indicating that the DNA has beep 
effectively separated in the modified method. 

The PNA values found by the method of Schmidt and Thannhauser 
were somewhat lower than the results reported by these authors (see 
Fraction IV-B, Table I, and (3)). The PNA found by pentose determina- 
tions was in fair agreement with the PNA calculated as described by 
Schmidt and Thannhauser (compare Fractions IV-C and IV-B) and in 
good agreement with the PNA found in the trichloroacetic acid extraction 
method (compare Fractions [V-C and I-B). 

DISCUSSION 

The observation that the amounts of nucleic acids found by pentose 
determinations in the modified method of Schmidt and Thannhauser and 
in the method of Schneider are the same indicates that DNA and PNA have 
been effectively separated in the former method. This finding indicates 
that the choice of the method to be used in the measurement of nucleic 
acids will depend upon whether a separation of the nucleic acids is necessary. 
If a separation of DNA and PNA is required, as would probably be the 
case in work with isotopes, the method of Schmidt and Thannhauser as 
modified in this paper is the method of choice. On the other hand, if 
such a separation is unnecessary, the trichloroacetic acid method can be 
expected to afford a simple, rapid, and accurate means of extraction and 
estimation of nucleic acids. In connection with the choice of methods, 
it should be recalled that in the trichloroacetic acid method of Schneider 
(4) a correction must be applied for the reaction of DNA in the orcinol 
reaction. Such a correction is unnecessary in the modified method, since 
the nueleie acids have been effectively separated. 

The use of pentose determinations for the measurement of nucleic. acids 
has been criticized on the ground that not all of the pentose in the nucleic 
acids reacts in the colorimetric methods (3). Our own results (Table 
I, and (4, 5)), in which nucleic acids were used as standards in the 
colorimetric reactions, show that the use of pentose is a valid procedure 
for the determination of nucleic acids, since in all of the tissues studied 
the nucleic acid found by pentose determinations agreed well with the 
nucleic acids as measured by phosphorus determinations. Obviously, it 
is a sound practice not to rely upon either pentose or phosphorus analyses 
alone but to employ both. A still better procedure would be to determine 
the phosphorus, the pentose, and the purine and pyrimidine bases simul- 
taneously in order to arrive at a correct estimate of the nucleic acid content 
of the tissue. The nitrogenous bases could probably be measured by the 
use of ultraviolet spectrophotometry. 
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1. The method of Schmidt and Thannhauser for the determination of 
nucleic acids was modified by extracting the DNA with trichloroacetic acid 
srmina- so that the DNA could be determined colorimetrically. 
bed by 2. The following rat tissues were analyzed by the modified method and 
by the method of Schneider: pancreas, thymus, liver, kidney, spleen, and 
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3. Both methods vielded essentially the same results when the nucleie 
acid estimations were based on pentose determinations. Results based 
upon phosphorus determinations were less consistent and reliable. The 


entose need for making both types of measurements was emphasized. 
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THE SPECIFICITY OF CARBOXYPEPTIDASE 


By MARK ARNOLD STAHMANN,* JOSEPH 8. FRUTON,t+ 
AnD MAX BERGMANN} 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, May 7, 1946) 


Previous communications from this laboratory have called attention to 
the fact that the action of the proteolytic enzymes is characterized by a 
high degree of specificity (1, 2). Each enzyme hydrolyzes only such 
peptide bonds as are present in the substrate in a certain structural setting 
and, consequently, the nature of the requisite structural attributes of the 
substrate may be used to characterize the specificity of the enzyme. It 
has been found that, in addition to the indispensable groups within the 
peptide chain, each proteolytic enzyme requires the presence, in the sub- 
strate, of a certain type of side chain (designated R in the formula below) 
in a precisely defined location. 

Side Chain Specificity of Carborypeptidase—In the present communica- 
tion, studies are presented on the side chain specificity of crystalline 
pancreatic carboxypeptidase. The substrates which were employed were, 
in general, of the following type. 

a 


C,H; CH,OCO—NH- CH,;- CO--NH- CH: COOH 


Carbobenzoxyglycylamino acid 


The dotted line denotes the point of enzymatic cleavage. A quantitative 
study was made of the kinetics of the action of carboxypeptidase on a 
series of substrates in which the group R was varied. In thesesubstrates, 
the terminal amino acid was l-phenylalanine, /-tyrosine, /-leucine, [-iso- 
leucine, l-alanine, aminoisobutyric acid, or glycine. In the case of all of 
these substrates, with the exception of carbobenzoxyglycylglycine, it 
was found that the rates of hydrolysis follow the kinetics of a first order 
reaction under the conditions employed in these experiments. The rate 
of hydrolysis per unit of enzyme concentration is given by the proteolytic 
coefficient C which has been defined as the rate constant when the enzyme 
concentration is 1 mg. of protein nitrogen per ml. of test solution (3, 4). 


* Present address, University of Wisconsin, Madison, Wisconsin. 
t Present address, Yale University, New Haven, Connecticut. 
t Deceased, November 7, 1944. 
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The hydrolysis of carbobenzoxyglycylglycine was so slow that a satisfactory 
rate constant could not be obtained. 

The data presented in Table I show that, while all of the above substrates 
were hydrolyzed by the carboxypeptidase preparation, they differ greatly 
in their sensitivity to enzymatic attack. Thus, to achieve comparable 
rates of hydrolysis of carbobenzoxyglycyl-l-alanine and carbobenzoxy- 
glycyl-l-phenylalanine, 340 times as much enzyme were required for the 
alanine-containing substrate as was necessary for the phenylalanine- 
containing substrate. It may be estimated from the extent of the hydroly- 


TaBLe I 


Action of Crystalline Carborypeptidase on Synthetic Substrates 


Enzyme con- 


Substrate® woman te pH Kt Ct 
solution 
me. 

Carbobenzoxyglycy|l-l-phenylalanine (5). 0.0002 7.3 0.0026 13 
Carbobenzoxyglycy!-l-tyrosine (6) 0.0004 7.4 , 0.0025 6.2 
Carbobenzoxyglycyl-l-leucine 0.0006 7.3 | 0.0016 2.6 
Carbobenzoxyglycy]-l-isoleucine 0.0025 7.3 | 0.00135 0.54 
Carbobenzoxyglycyl-l-alanine (7) 0.040 7.3 | 0.0015 0.038 
Carbobenzoxyglycylaminoisobutyric acid 

(8) 0.160 7.3. 0.0021 0.013 
Carbobenzoxyglycylglycine (9 0.320 7.2 | 0.00078§ | 0.0024§ 
Acetyldehydrophenylalanyl-l-phenylala 

nine (10) 0.080 7.2 0.0025 0.032 
Acetyldehydrophenylalanyl-l-leucine (11). 0.320 7.2 


0.0022 0.0069 


* The figures in parentheses represent the bibliographic references. 
K= ’ 100 ; 
eine min. = 100 — % hydrolysis 
K 
mg. protein N per ml. test solution 
§ Calculated on the basis of the extent of hydrolysis within 5 hours. 


tC = 


sis of carbobenzoxyglycylglycine within 5 hours that about 5000 times as 
much enzyme would be required for this substrate as for carbobenzoxy- 
glycyl-l-phenylalanine to give comparable rates of hydrolysis. 

Neither carbobenzoxyglycylsarcosine (12) nor carbobenzoxyglycyl- 
l-proline (12) was hydrolyzed by carboxypeptidase, even at very high 
enzyme concentrations (0.3 to 0.5 mg. of protein nitrogen per ml. of test 
solution). This indicates that the presence of the “peptide hydrogen” 
in the substrate is essential for the action of carboxypeptidase (ef. also 


(13)). 
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It was of interest to find that the unsaturated compound carbobenzoxy- 
glycyldehydrophenylalanine (10) was resistant to the action of carboxy- 
peptidase at an enzyme concentration of 0.16 mg. of protein nitrogen per ml. 
of test solution. This is in distinct contrast to the behavior of the 1 form 
of the saturated peptide which, as will be noted in Table I, is the most 
sensitive of the substrates studied. 

Both acetyldehydrophenylalanyl-/-phenylalanine and acetyldehydro- 
phenylalanyl-l-leucine were hydrolyzed by carboxypeptidase. } It should 
be noted that each of the two acetyldehydrophenylalany] peptides requires 
approximately 400 times as much enzyme for the same rate of hydrolysis 
as the corresponding carbobenzoxyglycyl peptides, carbobenzoxyglycyl- 
l-phenylalanine and carbobenzoxyglycyl-l-leucine.} Thus, the exchange 
of the acetyldehydrophenylalanyl portion of the peptide for the carboben- 
zoxyglycyl portion decreased the rate of enzymatic hydrolysis to the same 
degree for the phenylalanine- and leucine-containing substrates. This 
result is similar to that noted previously for other substrates of 
carboxypeptidase (4). 

Antipodal Specificity of Carboxypeptidase-fit was found that, in order 
for carboxypeptidase to act on a carbobenzoxyglycylamino acid, the 
terminal amino acid must be of the / configuration, Thus, carbobenzoxy- 
glycyl-d-phenylalanine! and carbobenzoxyglycyl-d-leucine (14), whose 
lantipodes are extremely sensitive to carboxypeptidase action, are resistant 
to the action of the enzyme. This finding is in agreement with the “poly- 
affinity theory” (7) of the action of proteolytic enzymes. In this theory 
it has been assumed that an enzyme exhibiting antipodal specificity must 
contain several active groups in a fixed asymmetric position. For hydroly- 
sis to occur, these active groups must approach the essential groups inthe 
peptide chain of the substrate. In the case of the / antipodes, the location 
of the side chain is such that the formation of the enzyme-substrate complex 
is unhindered. It is assumed that in the case of the d antipodes, however, 
the side chain blocks the approach of the enzyme. 

Enzymatic Homogeneity of Carboxypeptidase—In view of the wide differ- 
ences in sensitivity exhibited by the substrates listed in Table I, it seemed 
desirable to ascertain whether the hydrolysis of several of these substrates 
is effected by a single enzyme or by a number of closely related enzymes 
present in our sample of crystalline carboxypeptidase. To this end, four 
substrates of varying sensitivity were selected for study. The substrates 
employed were carbobenzoxyglycyl-l-phenylalanine, carbobenzoxyglycyl- 
Ltyrosine, carbobenzoxyglycyl-l-leucine, and carbobenzoxyglycyl-l-alanine. 


‘Stein, W. H., unpublished experiments. 
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Ixperiments were performed in which a solution of the enzyme was jn- 
activated partially by heat (52°) or by alkali (pH 10). The denatured 
protein was removed by filtration and the filtrates were allowed to act on 
each of the four substrates mentioned above. If crystalline carboxypep- 
tidase contained several enzymes, it might have been expected that the 


TaBLe II 
Partial Inactivation of Crystalline Carborypeptidase by Heat and by Alkali 

An aliquot of a solution (A) of four times crystallized carboxypeptidase con- 
taining 1.077 mg. of protein N per ml. in 18 per cent NaCl was heated at 52° for 6 
minutes, cooled, and filtered. The filtrate (B) contained 0.618 mg. of protein N 
per ml. Another aliquot of Solution A was heated for 10 minutes, cooled, and fil- 
tered. The filtrate (C) contained 0.316 mg. of protein N per ml. A third aliquot 
of Solution A was adjusted to pH 10.0 with 0.1 n NaOH and allowed to stand at 
25° for 45 minutes. The NaOH was then neutralized with an equivalent quantity 
of 0.1 Nn HCl and the mixture was filtered. The filtrate (D) contained 0.666 mg. of 
protein N per ml. after correction for the slight change in volume. These solutions 
were then diluted and tested for activity toward the four substrates listed below. 











Enzyme con- 








centration, 
Substrate ae pnw ghd pH K Cc 
solution 
mg. 
Carbobenzoxyglycy]-l-phenyl- A | 0.0002 7.3 | 0.0026 | 13 
alanine B | 0.0002 | 7.3 | 0.0025 | 12 
C | 0.0002 7.3 | 0.0026 | 13 
' D | 0.0002 | 7.3 | 0.0027 | 13 
Carbobenzoxyglycy]-l-tyrosine | A | 0.0004 | 7.4 | 0.0025 6.2 
B | 0.0004 | 7.4 0.0021 5.3 
' C | 0.0004 7.4 | 0.0021 | 5.3 
D | 0.0004 | 7.4 | 0.0024 | 6.0 
Carbobenzoxyglycyl-l-leucine A | 0.0006 | 7.3 0.0016 2.6 
B | 0.0006 | 7.3 | 0.0014 | 2.3 
| Cc 0.0006 7.3 0.0015 2.5 
D 0.0006 | 7.3 | 0.0016 | 2.6 
Carbobenzoxyglycyl-l-alanine A 0.04 | 7.3 0.0015 0.038 
B | 0.04 7.3 | 0.0015 0.038 
C | 0.04 7.3 | 0.0015 | 0.038 
D 0.04 7.3 


0.0016 | 0.040 


relative rates of hydrolysis of these four substrates would have been 
different for the untreated and the partially inactivated enzyme solutions. 
As will be noted from the data in Table II, no such differences were ob- 
served, and consequently, there is no reason to assume that the hydrolysis 
of the four substrates is performed by different enzymes. 

Inhibition of Carborypeptidase Action—The apparent enzymatic homo- 
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geneity of crystalline carboxypeptidase noted above raises the question 
whether the great differences found for the sensitivity of the various 
earbobenzoxyglycylamino acids toward this enzyme are due to differences 
in the affinity of these compounds for the enzyme. For this reason, 


TaB_e III 
Inhibition of Crystalline Carboxypeptidase 
The rate of hydrolysis of carbobenzoxyglycyl-l-phenylalanine (0.05 m) was fol- 
lowed in the presence of an equivalent concentration of added substance. The 
enzyme concentration was 0.0002 mg. of protein nitrogen per ml. in all cases 














Added substance pH Time Hydrolysis | K Inhibition 
hrs. | per cent | per cent 
None | 7.3 | 1.0 | 30 | 0.0026 
| 2.0 49 | 0.0025 | 
3.0 66 | 0.0026 | 
| 4.0 | 77 | 0.0026 | 
Carbobenzoxyglycy]-l-alanine | 7.3 10 | 15 0.0012 
| 2.0 | 30 | 0.0013 | 
| | 3.0 44 | 0.0014 | 
4.0 53 0.0014 | 50 
Carbobenzoxyglycylglycine 7.2 1.5 19 0.0010 
2.0 26 | 0.0011 
| 3.0 | 387 | 0.0011 
; oy I 49 | 0.0012 | 58 
Carbobenzoxyglycylsarcosine | 7.2 | 1.5 | 33 | 0.0019 | 
| 25 | 4 0.0018 | 
| | 3.0 53 | 0.0018 | 
| 3.5 60 | 0.0019 28 
Carbobenzoxyglycyldehydro- | 7.3 | 1.0 20 0.0016 
phenylalanine | 2.0 35 0.0016 
| 3.0 47 | 0.0015 | 
| 4.0 58 | «0.0016 40 
Carbobenzoxyglycyl-d-phenyl- 7.3 | 1.0 14 0.0011 
alanine | 2.0 23 0.0010 
| 3.0 34 0.0010 
4.0 | 45 | 0.0011 60 
Carbobenzoxyglycyl-d-leucine 7.4 | 15 | 2 | 0.0014 
| 2.0 | 381 | 0.0014 
| 3.0 | 40 | 0.0012 
3.5 45 | 0.0012 50 





experiments were performed in which there was studied the inhibitory 
effect of relatively resistant peptides on the enzymatic cleavage of a 
substrate which is hydrolyzed rapidly. Substrate mixtures containing 
equivalent concentrations of carbobenzoxyglycyl-l-phenylalanine (which 
is hydrolyzed rapidly) and a related resistant peptide were subjected to 
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the action of crystalline carboxypeptidase. The resultant hydrolysis 
rate was compared with that found in the absence of the resistant peptide, 
The data are presented in Table IIT. 

In the absence of added resistant peptide, carbobenzoxyglycyl-l-phen- 
vialanine is split rapidly to give a first order velocity constant of 0.0026 
under the experimental conditions employed. In the presence of carbo- 
benzoxyglycyl-l-alanine, however, the rate of hydrolysis is reduced to a 
constant of 0.0013, or 50 per cent of the original value. (At the enzyme 
concentration used in these experiments, there is no significant hydrolysis 
of carbobenzoxyglycyl-l-alanine in 4 hours.) Similarly, the addition of 
carbobenzoxyglycylglycine resulted in a rate which was 42 per cent of 
the original value. The addition of carbobenzoxyglycylsarcosine or 
carbobenzoxyglycyldehydrophenylalanine, neither of which is hydrolyzed 
by carboxypeptidase, resulted in 28 and 40 per cent inhibition respectively. 
Thus, the presence of certain peptides which are either completely resistant 
to the action of the enzyme or are split but slowly by carboxypeptidase 
may markedly reduce the rate of hydrolysis of carbobenzoxyglycy]-l- 
phenylalanine by this enzyme. 

It was of interest to find that the addition of carbobenzoxyglycyl-d- 
phenylalanine or carbobenzoxyglycyl-d-leucine also resulted in inhibitions 
of a similar magnitude. Analogous inhibition of the hydrolysis of the 
l antipode by the d form has been noted for chymotrypsin (15), and for 
a peptidase from swine intestinal mucosa (16). These results emphasize 
the dangers inherent in kinetic studies in which dl mixtures are used as 
substrates. 

The data presented in Table III, while suggestive, require cautious 
interpretation. | According to the polyaffinity theory, the combination of 
a substrate of carboxypeptidase with the active center of the enzyme 
involves at least two structural elements of the substrate, the sensitive 
peptide linkage and the free carboxyl group. It may well be that some 
of the inhibitory peptides (such as carbobenzoxyglycyl-l-alanine) compete 
with the sensitive peptides for the enzyme by combining with the active 
catalytic center in the manner postulated in the polyaffinity theory. If 
this is the case, then the similarity in the observed extent of inhibition 
would suggest that the peptides listed in Table III have similar affinities 
for the active center of carboxypeptidase. / The difference in the rates of 
hydrolysis of peptides which are split by carboxypeptidase would then be 
due to the difference in the rates at which the respective enzyme-substrate 
complexes decompose to form, the hydrolytic products.|\ This interpreta- 
tion cannot, however, apply to the inhibitions by the d peptides or carbo- 
benzoxyglycylsarcosine, if the polyaffinity theory is to be maintained. 
In these latter cases, it would be necessary to assume that the inhibitor 
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combines with the active center of the enzyme at only one point, possibly 
through the carboxy! group of the inhibitor. It is also possible that the 
inhibition by d peptides may also involve association with the corresponding 
sensitive / antipode, thus reducing the effective concentration of the latter. 
Studies on the quantitative relationships between substrate concentration 
and the rate of carboxypeptidase action, which are in progress, should 
throw more light on this question. 


EXPERIMENTAL 


Carbobenzoxyglycyl-l-leucine—13.1 gm. of carbobenzoxyglycyl chloride 
dissolved in 100 ml. of dry ether were added to an ice-cold ether solution 
of l-leucine methyl ester (prepared from 9.8 gm. of the hydrochloride). 
The acid chloride was added in two portions, the second being followed 
by 75 ml. of saturated aqueous potassium bicarbonate. The cold reaction 
mixture was shaken for 30 minutes, then allowed to stand at room tempera- 
ture for 1 hour. 2 ml. of pyridine were added and the mixture shaken for 
5 minutes. The ether layer was removed and washed with dilute hydro- 
chloric acid, bicarbonate, and water and then dried. The ether was 
removed and the oily ester was saponified by dissolving in 200 ml. of 
ethanol and adding 54 ml. of 1.0 N sodium hydroxide. After 30 minutes 
the reaction mixture was acidified to Congo red with Nn hydrochloric acid 
and concentrated under reduced pressure until an oil began to separate. 
The oil crystallized on standing at 4° overnight. The crystals were 
collected and the mother liquors concentrated to obtain a second crop. 
The combined yield was 11.3 gm. The crude product was recrystallized 
from a mixture of ethyl acetate and petroleum ether; m.p. 141-142°. 


CysH2O3;N2. Calculated. C 59.6, H 6.9, N 8.7 
322.4 Found. " we” Ga Ba 
[a]J> = —10.3° (5% in ethyl alcohol) 


Carbobenzoxyglycyl-l-isoleucine—This compound was prepared from 
lisoleucine methyl ester by a procedure analogous to that used to prepare 
carbobenzoxyglycyl-l-leucine. The J-isoleucine methyl ester was _pre- 
pared by esterifying /-isoleucine with methanol and HCl in the usual way 
and then liberating the free ester from the oily methyl! esttr hydrochloride 
with excess sodium hydroxide. From 10 gm. of Lisoleucine, 9.0 gm. of 
crude carbobenzoxyglycyl-l-isoleucine were obtained. This was purified 
by recrystallization from a mixture of ethyl acetate and petroleum ether; 
m.p. 114-115°. 

CysH2O;N2. Calculated. C 59.6, H 6.9, N 8. 
322.4 Found. ; 2a,” Ga" & 
la]> = +14.3° (5% in ethyl alcohol) 
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Enzymatic Studies 


The crystalline carboxypeptidase was prepared and recrystallized three 
times according to the directions of Anson (17). The determination of 
the enzymatic hydrolysis was made by measuring the liberated carboxy] 
groups in the manner described earlier (5), except that the hydrolysis 
was carried out at 25° in all cases. 


The authors wish to express their thanks to Dr. William H. Stein for 
samples of the d peptides used in this investigation and to Dr. Adalbert 
Elek for the microanalyses reported in this paper. 


SUMMARY 


A study of the specificity of crystalline pancreatic carboxypeptidase 
has shown that several carbobenzoxyglycylamino acids differ greatly in 
their sensitivity to enzymatic action, depending on the nature of the 
terminal amino acid present in the substrate. This variation in sensitivity 
cannot be attributed to the presence, in the enzyme preparation, of several 
enzymes, since partial inactivation of carboxypeptidase results in a parallel 
decrease in enzymatic activity toward all the substrates studied. 

The rate of action of carboxypeptidase on carbobenzoxyglycy]-l-phen- 
ylalanine is decreased by the presence of substances related in structure 
to this substrate. 
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THE EFFECT OF AMINO ACIDS ON THE MICROBIAL GROWTH 
INHIBITION PRODUCED BY THIENYLALANINE* 


By KARL DITTMER,{ GLENN ELLIS, HERBERT McKENNIS, Jr.,t ano 
VINCENT bu VIGNEAUD 
(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, May 3, 1946) 


A recent paper from this laboratory (1) reported the inhibition of the 
growth of Saccharomyces cerevisiae by dl-8-2-thienylalanine, an isostere of 
phenylalanine. This inhibitory action of thienylalanine was counteracted 
by phenylalanine. Thus, the thienylalanine was shown to act as an 
“antiphenylalanine” for this yeast. Tyrosine had no effect on the toxicity 
of the thienyl compound. Furthermore, a mixture of most of the other 
natural amino acids present in twice the concentration of phenylalanine 
required for reversal did not nullify inhibition of yeast growth by thienyl- 
alanine. This indicated that no other amino acid was so effective 
as phenylalanine in the prevention of the yeast growth inhibition due to 
thienylalanine but it did not exclude the possibility that, at much higher 
levels, other amino acids might counteract this toxicity. We wish to 
report here the effects of thienylalanine on Streptococcus faecalis, Lacto- 
bacillus arabinosus 17-5, Escherichia coli, and Saccharomyces cerevisiae, and 
the effects of high concentrations of most of the known naturally occurring 
amino acids on the inhibitory action of thienylalanine on the last two 
organisms. 


EXPERIMENTAL 


Inhibition of Growth of Saccharomyces cerevisiae, Fleischmann’s Strain 
139—The technique followed in the yeast growth experiments was the 
same as that described previously (1). The medium employed in the 
work on yeast was a modification of that used by Snell, Eakin, and Williams 
(2). In the yeast growth experiments, 6.0 cc. of the medium were added 
to the various addenda dissolved in a volume of 1.0 cc., making a total 
volume of 7.0 cc. per assay tube (20 X 150 mm.). The medium is shown 
in Table I. 


* The authors wish to acknowledge a grant-in-aid from the Lederle Laboratories, 
Ine., which has contributed to the support of this investigation. 
t Present address, Department of Chemistry, University of Colorado, Boulder, 
Colorado. 
t Present address, Department of Chemistry, Medical College of Virginia, Rich- 
mond, Virginia. 
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When this medium, containing the additional amino acids specified, was 
used, the amount of yeast growth measured turbidimetrically gave g 
reading of 240 units on the Klett-Summerson colorimeter. When the 
amino acids with the exception of aspartic acid were omitted from the 
medium, a reading of about 130 units was obtained. The additional amino 
acids did not appear to possess an effect, however, on the toxicity of 
thienylalanine. 








TABLE I 
Composition of Medium 

Compound Amount Compound Amount 
KH,PO, 20 gm. | l(+)-Aspartic acid 3.6 gm. 
MgS0O,-7H,0 | 2.5 “ | l(—)-Asparagine Ls." 
CaCl,-2H,0 2.5 * | 1(4+)-Glutamic acid | 2a 
H;BQ,.... | 10 mg. | l(+)-Lysine-HCl is * 
ZnSO,-:7H,O |} 10 *“ | l(+)-Arginine-HCl 1.6 “ 
MnCl... ' | 10 l(—)-Histidine- HCl-H,O es 
, « 10 l(—)-Proline ie Be 
ae ; ee 8 l(—)-Hydroxyproline Le * 
CuS0O,-5H,0 | 2 * | Inositol 50mg. 
KI l = Vitamin Bs | Gs 
Sucrose (purified) | 200 gm. | Biotin | 16 ¥ 
(NH,)280, 30 ‘* | H,O to | 10 liters 
Glycine ia * Vitamin B,* 0.2 mg. 
dl-Serine 1.6 * di-Calcium pantothenate*t! 60 “ 
dl-Threonine 1.6 





* Added after the medium is sterilized. 

+t When 8-alanine was present in the medium instead of pantothenic acid, many 
of the amino acids inhibited the growth of the yeast. In the amount of 1.5 mg. per 
7 cc. of medium, threonine, asparagine (3), aspartic acid, alanine, isoleucine, serine, 
or glycine gave pronounced inhibition. In the presence of calcium pantothenate, 
no inhibition by chese amino acids was observed. A similar relationship between 
amino acids and 8-alanine and its effect on the growth of a number of yeasts have 
been reported by Sarett and Cheldelin (4). 


The effect of increasing amounts of dl-thienylalanine on the growth of 
yeast in the amino acid-supplemented medium is shown in Fig. 1, Curve 1. 
Also included are the inhibition curves in the presence of various levels of 
dl-phenylalanine. From these data, it can be seen that 42.5 y of thieny!- 
alanine per 7 cc. reduced the growth to 50 per cent of normal. The ratio 
between the additional thienylalanine required and the amount of phenyl- 
alanine added remained constant over a wide range of phenylalanine 
concentrations, as is illustrated in Table IT. 

The yeast growth curves of Fig. 2 show the effect of increasing amounts 
of phenylalanine on the toxicity of various levels of thienylalanine. These 
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Fie. 1. Thienylalanine inhibition of yeast growth. Curve 1, with no dl-phenyl- 
alanine in the medium; Curves 2, 3, and 4, with 10 y, 20y, and 307, respectively, of 
dl-phenylalanine per 7 cc. 


TaBLe II 
Relationship between Thienylalanine and Phenylalanine for Inhibition of Growth of 











Yeast 
Benya added oT a een Bayt oy Thienylalanine 
per 7.0 cc. growth inhibition Phenylalanine 
Y Y 
10 8.5 0.85 
20 16.3 | 0.82 
30 24.5 0.82 
mg mg. 
8 6.64 0.83 





* Amount of thienylalanine which had to be added above the amount required 
to produce 50 per cent inhibition without added phenylalanine. 


curves indicate that the toxicity of fairly large amounts of thienylalanine 
can be counteracted by phenylalanine. The amount of phenylalanine 
required to counteract the toxicity of thienylalanine increased with the 
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amount of thienylalanine present and the ratio between these two quanti. 
ties, as shown in Table III, remained quite constant. 
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Fic. 2. Nullification of the toxicity of various dl-thienylalanine concentrations 


indicated on each curve) by dl-phenylalanine. The short horizontal bars indicate 
the 50 per cent level of nullification of the thienylalanine toxicity. 


TaBLe III 
Vullification of Toxicity of Thienylalanine by Phenylalanine 


di-Phenylalanine required for 
4 


: . rhienylalanine 
50 per cent nullification — - 


di-Thienylalanine per 7.0 


of toxicity Phenylalanine 
Y Y 
200 370 0.54 
500 920 0.54 
1000 1800 0.55 
2000 3300 0.61 


Inhibition of Growth of Escherichia coli—The E. coli' used in these 
studies was grown on the synthetic medium described by Kalmanson and 
Bronfenbrenner (5) with the addition of the following amounts lof vitamins 
per liter: thiamine chloride 3 mg., pyridoxine hydrochloride 3 mg., calcium 


‘ The Escherichia coli culture was obtained from Dr. James Neill of the Depart- 
ment of Bacteriology, Cornell University Medical College. 
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pantothenate 3 mg., nicotinic acid 6 mg. Best results were obtained if 
the medium was prepared daily. 5.0 cc. of medium were added to the 
various addenda dissolved in a volume of 1.0 cc. in the assay tubes (15 X 
120 mm.). The tubes were plugged and autoclaved for 2 minutes at 
15 pounds pressure and then inoculated aseptically with 1 drop of an 
E. coli suspension. The inoculum was kept constant by using suspensions 
of equal turbidity for each experiment. The £. coli suspension was pre- 
pared by centrifuging a 20 hour culture of Z. coli in nutrient broth and 
adding it to enough sterile saline to give a suspension which was adjusted 
by the turbidity and contained 0.006 milliequivalent of nitrogen per ce. 
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Fic. 3. The Escherichia coli growth inhibition curve of thienylalanine 


(Kjeldahl). 1 drop of a 1:100 dilution of this suspension was added to 
each tube and the tubes were incubated for 16 hours at 37°. Growth was 
measured as turbidity in a Klett-Summerson photoelectric colorimeter. 
The inhibition of the growth of Escherichia coli under these conditions 
is illustrated by the curve of Fig. 3. It will be noted that 1.88 y of thienyl- 
alanine inhibited the growth of Escherichia coli to 50 per cent of normal. 
When phenylalanine was added to the medium, more thienylalanine was 
required to maintain the growth level at 50 per cent of normal. The ratios 
of additional thienylalanine to phenylalanine, at levels of 50 per cent 
normal growth inhibition, increase with increasing amounts of phenyl- 
alanine. With levels above 5 y of phenylalanine per 6 cc., the ratio of 
thienylalanine to phenylalanine appears to be fairly constant, as is illus- 
trated in Table IV. The amounts of phenylalanine required to bring the 
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inhibition due to various amounts of thienylalanine back to 50 per cent 
of normal growth are listed in Table V and plotted in Fig. 4. These 
results indicate that the ratio of thienylalanine to phenylalanine remains 
constant only at the higher levels of thienylalanine. 

Effect of Thienylalanine on Streptococcus faecalis (American Type Culture 
Collection, No. 4081)—This organism did not grow in the medium described 
by McMahan and Snell (6) for Lactobacillus casei if phenylalanine was 


TABLE IV 


Inhibition of Growth of Escherichia coli by Thienylalanine in Presence of Phenylalanine 








Th — ree ny 
di-Thienylalanine* for 50 per cent Thienylalanine 


dl-Phenylalanine per 6 cc inhibition of growth of Escherichia yee — 
cols per 6 cc. Phenylalanine 
Y Y 
1.0 5.9 5.9 
2.0 16 Ss 
5.0 100 20 
10.0 260 26 
50 1200 24 


* Amount of thienylalanine which had to be added above the amount required 
to produce 50 per cent inhibition in the absence of added phenylalanine. 


TABLE V 
\ ullification hy Phenylalanine of Thienylalanine Inhibition of Growth of Escherichia 
colt 
dl-Phenylalanine required for rl al . 
dl-Thienylalanine per 6.0 cc. 50 per cent nullification hienyla ee 
of toxicity Phenylalanine 
¥ y 
5 2.0 2.5 
50 2.5 20 
100 5.0 20 
500 22.5 22 
2000 100.0 20 


omitted. In the presence of 30 y of dl-phenylalanine per 6 cc., good growth 
was obtained in 24 hours and this growth was completely inhibited by 
50 y of di-thienylalanine. An additional 50 y of dl-phenylalanine nullified 
this toxicity. 

Effect of Thienylalanine on Lactobacillus arabinosus 17-5—This organism 
grew well in the medium of McMahan and Snell (6) without added pheny!- 
alanine. Thienylalanine inhibited the growth of this organism and again 
the inhibition was nullified by the addition of phenylalanine. 

Effect of Amino Acids Other Than Phenylalanine on Thienylalanine 
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Toxicity on Yeast and Escherichia coli—To study the effect of amino acids 
other than phenylalanine, a level of thienylalanine was chosen which was 
large enough to give a definite amount of inhibition of growth and yet 
was small enough so that a high ratio of amino acids to thienylalanine 
would obtain. For Saccharomyces cerevisiae, 50 y of thienylalanine per 
7 ec. were chosen; the toxicity of this amount of thienylalanine was almost 
completely nullified by 100 y of phenylalanine. 

A level of 5 y of thienylalanine per 6 cc. was selected to test the effects 
of the amino acids on the toxicity of thienylalanine for Escherichia coli. 
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Fig. 4. Nullification of the thienylalanine inhibition of the growth of Escherichia 
coli. The short horizontal bars indicate the 50 per cent level of nullification of the 
thienylalanine toxicity. 


This amount of thienylalanine almost completely inhibited the growth 
of Escherichia coli and was nullified by approximately 2 y of added 
phenylalanine. 

The growth curves representing the counteraction of the thienylalanine 
toxicity for yeast by certain amino acids are plotted in Fig. 5. All of 
these amino acids were studied up to levels of 6.0 mg. per 7 cc. but are 
plotted only to levels of 2 mg. per 7 cc. The curves representing the 
counteraction of the thienylalanine inhibition of the growth of Escherichia 
coli by dl-phenylalanine, [-tyrosine, and dl-tryptophane are plotted in 
Fig. 6. 

The effect of a series of amino acids on the toxicity of thienylalanine on 
both Saccharomyces cerevisiae and Escherichia coli is shown in Table VI. 
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Fic. 6. The effect of dl-phenylalanine, /-tyrosine, and dl-tryptophane on the 
toxicity of 5 y of thienylalanine on the growth of Escherichia colli. 
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Those amino acids which counteracted the growth inhibition of either 
organism are listed first with their relative effectiveness compared with 
di-phenylalanine taken as 100 per cent. The amino acids were compared 
with phenylalanine at the levels of amino acids which were necessary to 
obtain growth at a level halfway between normal growth and the growth 
in the presence of 50 y of thienylalanine in the case of yeast and of 5 y 


TaBLeE VI 


Nullification of Thienylalanine Inhibition of Growth of Saccharomyces cerevisiae 
and Escherichia coli by Various Amino Acids 



































For S. cerevisiae | For E. coli 
— { Amount 4 oe : Amoun an, 
| So'per cent | Effective- Sonne a lor | Effective- 
Amino acid nullification po og | Amino acid | nullification ‘a _ 
| of inhibition | "Poor | | of inhibition | PO 
by ¥ | asis by 5 ¥ Sis 
thienylalanine | | thienylalanine | 
Y per cent 7 per cent 
dl-Phenylalanine.... 75 | 100 dl-Phenylalanine.. . | 1.9 100 
dl-Leucine. .... 450 | 18.2 | l-Tyrosine 1.5 | 140 
dl-Isoleucine. . 609 9.8 | dl-Tryptophane* 3.0 78 
dl-Tryptophane*... 1160 | 8.0 | dl-Leucine...... | 980 0.15 
dl-Methionine 1230 | 5.5 | l-Histidine-HCl- | 
dl-Valine 1740 | OR 8 Mc cha wexcnn 7 0.25 
dl-Alanine | 6000 | 1.0 | dl-Methionine...... 1550 0.11 
Inactive: l-tyrosine, l-histidine Inactive: dl-isoleucine, dl-valine, 
dl-alanine 


| 





Inactive for both organisms: dl-glycine, dl-serine, dl-threonine, l-asparatic acid, 
l-glutamic acid, l-asparagine, l-cystine, l-lysine, l-arginine, l-proline, l-hydroxy- 
proline 








* dl-Tryptophane was obtained through the courtesy of The Dow Chemical Com- 
pany. 


with Escherichia coli. This is the growth level which represents 50 per 
cent nullification of the toxicity of thienylalanine. 

It will be noted from the data of Table VI and Figs. 5 and 6 that, for 
yeast, nc other amino acid was nearly as effective as phenylalanine, whereas 
for Escherichia coli, l-tyrosine and dl-tryptophane were also highly effective. 

During this study, synthetic amino acids were used whenever possible, 
since several amino acids which were isolated from natural sources initially 
counteracted the thienylalanine inhibition of yeast growth, but did not 
demonstrate this effect when they were highly purified. Of the amino 
acids which were effective in counteracting the thienylalanine inhibition, 
only tyrosine and histidine were not synthetic products. The J-histidine 
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is only slightly active (0.25 per cent) for Escherichia coli as compared 
with phenylalanine, and the possibility of contamination with some of 
the more active amino acids is not ruled out. However, three different 
samples of /-histidine were found to be active 

In the case of phenylalanine, leucine, isoleucine, methionine, or trypto- 
phane, the naturally occurring / isomer was twice as effective as the d] 
compound in preventing the inhibitory effect of thienylalanine on yeast 
growth. The same was true for phenylalanine, leucine, and tryptophane 
in the case of Escherichia coli. On the other hand, d/-methionine produced 
more of an effect on Z. coli than half the amount of /-methionine. d- 
Methionine (by itself) only slightly counteracted the thienylalanine tox- 
icity, but when both /-methionine and d-methionine were added together, 
the effect was approximately 60 per cent greater than would be ex- 
pected from a simple additive effect. This would indicate that in the 
presence of /-methionine, the d isomer has considerable activity. Lampen, 
Jones, and Roepke (7) have reported that d-methionine will partially 
replace the requirement of /-methionine for the growth of a mutant of 
E. coli which requires methionine for growth. 

SUMMARY 

The ‘“antiphenylalanine” properties of dl-thienylalanine have been 
studied with Saccharomyces cerevisiae, Escherichia coli, Streptococcus faecalis, 
and Lactobacillus arabinosus. For each microorganism the thienylalanine 
toxicity was counteracted by the addition of phenylalanine. 

The effect of certain other amino acids on the thienylalanine inhibition 
of the growth of Saccharomyces cerevisiae and Escherichia coli has been 
investigated. 

For Saccharomyces cerevisiae, none of the other amino acids were as 
effective as dl-phenylalanine in counteracting the toxicity of thienylalanine. 
dil-Leucine, dl-isoleucine, dl-tryptophane, dl-methionine, and dl-valine 
were effective but had to be present in levels 10 to 30 times as high as 
phenylalanine to produce comparable results. 

For Escherichia coli, dl-phenylalanine and dl-tryptophane were almost 
equally effective in counteracting the toxicity of thienylalanine, and 
l-tyrosine was also effective. dl-Leucine, /-histidine, and dl-methionine 
were only slightly active. 

All of the other naturally occurring amino acids which were tested were 
found to be without effect on either microorganism. 


The authors wish to express their appreciation to Mrs. Martha F. 
Ferger, Mrs. Margaret Moore Sherwood, and Miss Miriam Thompson ior 
assistance in the technical work. 
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THE OXIDATION OF ASCORBIC ACID BY OXIDIZED 
ADRENALIN AND CYTOCHROME c* 


By HEINZ HERRMANN,t MARY B. BOSS, ann JONAS 8. FRIEDENWALD 


(From the Wilmer Ophthalmological Institute of The Johns Hopkins University and the 
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Previous experimental results suggest that adrenalin and ascorbic acid 
are linked to a system of reductions and oxidations which play an important 
role in the formation of the aqueous humor (1). In order to obtain in- 
formation about the enzymatic basis of these reactions we have investigated 
the distribution of some of the known oxidative enzymes in the tissue com- 
ponents of the ciliary body and of the chorioid plexus (2). It is possible, 
however, that the interaction of some of the presumptive mediators might 
be subject to an enzymatic catalysis that had so far escaped notice. In 
this connection we have examined the effect of various tissue preparations 
upon the reaction between ascorbic acid and oxidized adrenalin. We 
found that in the presence of the latter the disappearance of ascorbic acid 
was greatly accelerated and the oxygen uptake considerably enhanced by 
the addition of cytochrome c. 

It has been generally accepted that cytochrome c accelerates the oxi- 
dation of various substrates by molecular oxygen only in systems which 
contain cytochrome oxidase. Our experiments suggested that an increase 
in the rate of oxidation of ascorbic acid by cytochrome c can also occur 
when oxidized adrenalin is added as the autoxidizable component instead of 
cytochrome oxidase. This possibility was studied in greater detail and 
the results are reported in this paper. 


EXPERIMENTAL 


For the oxidation of adrenalin we prepared a solution which contained 
1 mg. of a crystalline preparation (Parke, Davis) in 0.5 ml. of a 0.05 m 
phosphate buffer at pH 7.2. Between 2.0 and 3.5 ml. of this solution were 
pipetted into a Warburg flask and shaken at a rate of about 80 oscillations 
per minute. Oxygen uptake starts after a lag period of 1 to 2 hours, 
depending upon the purity and the age of the adrenalin preparation. At 
the same time the formation of red oxidation products can be observed. 
If not stated otherwise, we allowed the oxygen uptake to proceed until 
80 to 110 c.mm. of oxygen had been consumed per mg. of adrenalin, which 


* This investigation was supported by a grant from the John and Mary R. Markle 
Foundation. 
t Present address, Osborn Zoological Laboratory, Yale University, New Haven. 
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required 4 to 6 hours at a temperature of 37.5°. We assume that the solu- 
tion contains after this time some unoxidized adrenalin and several oxida- 
tion products at different steps towards the maximum possible oxidation. 
As a matter of convenience and because of lack of better information, 
this mixture will be called oxidized adrenalin. Further comments con- 
cerning the oxidation products of adrenalin will be given in the discussion. 

The rate of the oxidation of ascorbic acid was determined by measuring 
the oxygen uptake manometrically or by titrating the ascorbic acid with 
dichlorophenol indophenol. For the manometric determination the solu- 
tions of ascorbic acid or of the substances which were used in its place were 
pipetted into the side arms of Warburg flasks, while the other components 
of the system were pipetted into the main compartment. The content 
of the side arm was tipped into the main compartment after thermo- 
equilibration, and readings were taken every 5 minutes at 37.5° with air 
as the gas phase. It was found to be essential to shake the manometers 
at a high oscillation rate of about 120 per minute. All solutions were 
made up in 0.05 m phosphate buffer of pH 7.2, and the same buffer solution 
was used for the adjustment to 3.0 ml. of the fluid volume in the Warburg 
flasks. For all purposes we took double distilled water, with the second 
distillation carried out in an all-glass still. 

The titrations of ascorbic acid were carried out by transferring 0.1 or 
0.2 ml. portions of the content of the Warburg vessels into 50 ml. beakers 
which contained 1.0 ml. of a 5 per cent solution of metaphosphorie acid. 
A slight opalescence developed when cytochrome c was present in the 
samples. With a little practice, we had no difficulty in recognizing the 
end-point of the titration in samples which showed this slight turbidity 
or the pale color due to the presence of cytochrome c or of oxidized adren- 
alin. The solution of dichlorophenol indophenol contained 72 mg. of the 
dye in 100 ml. of distilled water. In one series of experiments the rate 
of disappearance of ascorbic acid was determined only by titration. In 
this instance we used 50 ml. Erlenmeyer flasks instead of the Warburg 
flasks, since it is easier to remove aliquots from the solution while the 
reaction is in progress. 


Results 


The acceleration of the oxidation of ascorbic acid by cytochrome c in 
the presence of oxidized adrenalin is demonstrated in Figs. 1 to 3. The 
rate of autoxidation of ascorbic acid is indicated in Figs. 1 and 3 by the 
values for the oxygen uptake at the intersection of the curves with the 
ordinate axis. It can be seen that oxidized adrenalin itself slightly accel- 
erates the oxidation of ascorbic acid. Addition of cytochrome c enhances 
this acceleration up to 9 times, depending upon the concentration of the 
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components of the system. With ascorbic acid the increase in the rate 
of oxidation follows the increase in concentration up to the highest observed 
concentration (1.5 X 10-* m) and diminishes only slightly in the higher 
range (Fig. 2). In the case of cytochrome c and of oxidized adrenalin the 
acceleration reaches a more definite limiting value. The concentration 
of cytochrome c at this point is 3.1 X 10-°M. Since it is not known which 
of the oxidation products of adrenalin are active in our system, a valid 
statement about the concentrations involved cannot be made. If one 
would assume that all the adrenalin has been transformed into active 
material, the concentration would correspond to 1.1 KX 10-*m. Probably 
it is much below this figure. The observed effect is greatly dependent 


FiG.3 
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Fies. 1 to 3. Dependence of the oxygen uptake (c.mm. in 20 minutes, ordinate 
scale), in a system containing oxidized adrenalin, ascorbic acid, and cytochrome c, 
upon the concentration of the components. All figures refer to the content per flask; 
final fluid volume, 3.0 ml. of 0.05 m phosphate buffer, pH 7.2. Fig. 1, 6.0 mg. of 
ascorbic acid; 3.0 mg. of cytochrome c; abscissa, ml. of solution of oxidized adren- 
alin. Fig. 2, 0.2 ml. of solution of oxidized adrenalin; 3.0 mg. of cytochrome c; 
abscissa, mg. of ascorbic acid. Fig. 3, 0.2 ml. of solution of oxidized adrenalin; 3.0 
mg. of ascorbic acid; abscissa, mg. of cytochrome c. 


upon the pH. Our experiments were carried out at pH 7.0 to 7.5. At 
higher alkalinity measurements become less reliable because of the increas- 
ing autoxidation of ascorbic acid. When the acidity is increased, the effect 
is diminished and is practically absent at pH 5.5. 

In order to exclude the possibility that an unknown amount of the 
oxidized adrenalin directly oxidizes the ascorbic acid, we placed oxidized 
adrenalin, corresponding to 1 mg. of adrenalin, and 3 mg. of cytochrome c 
in the main compartment of a Warburg vessel and 6 mg. of ascorbic acid 
in the side arm. The vessel was flushed for 10 minutes with nitrogen and 
after a further equilibration period of 5 minutes the ascorbic acid was tilted 
into the main compartment. After rapid shaking for 20 minutes ascorbic 
acid was determined in an aliquot by titration with dye. We could detect 
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no measurable disappearance of ascorbic acid. It follows that the presence 
of oxygen is essential for the reaction. The values obtained manometrically 
for the oxygen uptake after 20 minutes with different concentrations of 
oxidized adrenalin (Table I) were compared with the data for the dis- 
appearance of ascorbic acid as determined by titration with dichlorophenol 
indophenol. The titrations were carried out with aliquots of the same 
samples that were used for the manometric determinations. The dye 
titration measures only the first step in the oxidation of ascorbic acid, 
while the manometric values indicate the total oxygen consumption includ- 
ing the oxidations beyond dehydroascorbic acid. In the presence of 
cytochrome c the values obtained both manometrically and by dye titration 
decrease only by about 24 per cent (Column I) and 10 per cent (Column 
III) respectively with decreasing concentration of oxidized adrenalin. 


TaBLe I 
Comparison of the Effect of Cytochrome C upon Oxidation of Ascorbic Acid As 
Determined Manometrically and by Dye Titration 
Content per flask, cytochrome c 3 mg., ascorbic acid 6 mg.; final fluid volume, 
3.0 ml. of 0.05 m phosphate buffer, pH 7.2; reaction time, 20 minutes. 


, Oxygen uptake in mu X 10°; Ascorbic acid disappearance in 
Solution of manometric determination mM X 1072; dye titration 
oxidized adrena WD Il 
lin corresponding : om . G@) | Gb) 
to adrenalin Cytochrome ¢ : Cytochrome ¢ am (ID iV) 
content of 2 mg. - - 
in 1.0 ml t - if + - (IV) 
(1) } dD (IIT) IV) 
ml | 
0.6 1.82 | 0.94 | 1.94 2.17 | 1.15 1.89 0.84 | 0.82 
0.3 | 1.64 | 0.74 2.22 2.16 1.18 1.83 0.76 0.63 
Bs 


0.15 1.38 0.41 3.37 | 


95 0.86 | 2.26 0.71 0.48 


Of the same order of magnitude (25 per cent) is the decrease in the absence 
of cytochrome c when the values are determined by dye titration (Column 
IV), while a much greater decrement (54 per cent) is observed in the 
manometric data (Column II), corresponding to an equally marked increase 
in the ratio of Column ItoII. Calculation of the molecular ratios between 
oxygen consumption and ascorbic acid disappearance shows that at the 
highest concentration of oxidized adrenalin considerably more than 1 atom 
of oxygen is used per molecule of ascorbic acid. The oxygen uptake in ex- 
cess of 0.5 m O, per 1 M ascorbic acid is maintained at a high level by the 
added cytochrome c but decreases rapidly with decreasing concentrations 
of oxidized adrenalin in the absence of cytochrome c (Column II/IV). 
The results show that cytochrome c accelerates not only the first step in 
the oxidation of ascorbie acid but also the oxygen uptake of more than 1 
atom of oxygen per molecule of ascorbic acid. 
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In order to obtain some information about the nature of the effect we 
tested several substitutes for each one of the three reacting substances. 

Cytochrome c—In replacing cytochrome ¢ we were interested to find out 
whether the effect could be produced with metals in the form of ions or 
bound in complex molecules of the type of cytochrome c. We added copper 
as cupric sulfate in a final concentration of from 0.25 to 2.5 X 10-' M. 
The higher concentrations considerably accelerated the oxidation of 
ascorbic acid, but the acceleration was the same in the presence and absence 
of oxidized adrenalin. Using ferric chloride in the same concentrations 
we observed no acceleration of the autoxidation of ascorbic acid and the 
reaction was not catalyzed in the presence of oxidized adrenalin. Among 
the substances which are more closely related to cytochrome c we tested 
a crude preparation of hemoglobin. Oxalated human blood was washed 
in the centrifuge with physiological saline until the supernatant was free 
from oxalate and 1 ml. of the cell sediment was suspended in 10 ml. of 
distilled water. After completion of the hemolysis the ghost cells were 
centrifuged off and the supernatant was used as “hemoglobin” solution 
in these experiments. The concentration of the hemolysate (protein 
nitrogen) was adjusted to equal the concentration of the cytochrome c 
solution in our standard procedure. Under these conditions the re- 
action between oxidized adrenalin and ascorbic acid was not accelerated 
by the hemoglobin in the solution. 

Oxidized Adrenalin—In a larger series of experiments we tried to obtain 
some information about the activity of adrenalin derivatives at different 
states of oxidation. The derivatives were produced by autoxidizing the 
adrenalin for different lengths of time in the usual way in Warburg flasks. 
The oxidation was followed manometrically and solutions were tested 
after the oxygen uptake had proceeded to the desired value. We obtained 
about half of the usual activity after an oxygen uptake of about 30 c.mm. 
per mg. of adrenalin and the full effect could be observed in most samples 
after an oxygen uptake of 50 c.mm. per mg. of adrenalin. These figures 
would correspond respectively to an oxidation of about 1 and 1.6 equiva- 
lents if one assumes that the oxidation progresses uniformly. The ap- 
pearance of the red color, however, indicates that some of the adrenalin 
has undergone at least 4 equivalents of oxidation and, hence, that a part 
of the adrenalin must still be present in its original reduced state. Better 
clarification of this question will have to await the preparation of the 
various derivatives. 

The compounds which were tested as substitutes for oxidized adrenalin 
were the oxidation products of hydroquinone, catechol, dihydroxyphenyl- 
alanine, and butanefrine!' (terminal methyl group in adrenalin substituted 


‘ Winthrop Chemical Company, Inc. 
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by butyl radical). These derivatives were obtained also by autoxidation 
in the same way as is described for adrenalin. Since the autoxidation of 
the first three substances at pH 7 proceeded too slowly to give the required 
oxygen uptake within a reasonable time, we used here pH 9.0, after having 
convinced ourselves that the oxidation products of adrenalin obtained 
at this pH have the same activity as those obtained at pH 7. We tested 
the solutions at two states of oxidation of the four compounds, correspond- 
ing to an oxygen uptake of 80 and 140 c.mm. per mg. of the respective 
substance. The oxidation products of hydroquinone, catechol, and dopa 
were completely ineffective. With dopa a precipitate formed in the pres- 
ence of cytochrome c and it cannot be excluded that the failure in this 
case was due to the elimination of dopa from the solution. The oxidation 
product of butanefrine, on the other hand, was found to be only 20 per cent 
less active than oxidized adrenalin itself. 

Ascorbic Acid—It was attempted to substitute for ascorbie acid other 
substances which are readily oxidized and, in turn, are active reducing 
agents, especially for the reduction of cytochrome c. We tested adrenalin 
itself as well as hydroquinone, catechol, and cysteine, substances which 
are frequently used as substrates in the cytochrome system. Cysteine 
was not only not oxidized but it even acted as an inhibitor for the catalyzed 
oxidation of ascorbic acid. With catechol, adrenalin, and hydroquione 
no extra oxygen uptake was observed above the slow rate of autoxidation 
of these compounds. Isoascorbic acid is as effective as ascorbic acid but 
with glucose no O, uptake was observed. 

Inhibitions of Cytochrome c Effect—The effect was found to be sensitive 
to cyanide. In a concentration of 3.5 X 10-* m the oxygen uptake was 
practically completely eliminated; with a concentration of about 1.0 X 
10-* m we obtained a decrease of about 50 per cent. The inhibitory 
action of cysteine has been mentioned in a previous paragraph. A complete 
inhibition was obtained at a concentration of 5.0 X 10-* Mm and an inhibi- 
tion of 20 per cent was obtained with 7.5 X 10-4m. Two substances with 
pharmacological action synergistic to adrenalin, ephedrine and 2-methyl- 
tetrahydroisoquinoline hydrochloride (3), were also tested. 2 mg. of one 
or the other of these were added to the usual mixture in Warburg flasks. 
This amount was 5-fold of the amount of adrenalin present in these 
experiments, but no inhibitory or potentiating action could be detected. 

We were interested in the effect of oxidized ascorbic acid on the cyto- 
chrome c effect. Ascorbic acid was oxidized by bubbling air through a 
solution of this substance at pH 8.0. The disappearance of reduced 
ascorbic acid was determined by dye titration. The sample was used 
when half of the ascorbic acid was present in oxidized form, the other 
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half in reduced form. To a control sample we added the same amount of 
reduced ascorbic acid without oxidized products. When tested in our 
system, the same acceleration of the disappearance of ascorbic acid by 
cytochrome c and oxidized adrenalin was observed in both samples. The 
presence of oxidized ascorbic acid has no inhibitory effect on this reaction. 


DISCUSSION 


The results of our experiments demonstrate that the addition of a cyto- 
chrome c preparation to a solution which contains oxidized adrenalin 
and ascorbic acid causes a considerable increase of the oxygen uptake and 
of the rate of disappearance of ascorbic acid. In discussing the nature of 
this effect the question arises as to the purity of our cytochrome c prepara- 
tion. In consideration of the starting material from which the cytochrome 
cis obtained (hog hearts) it could be objected that the increased oxidation 
of ascorbic acid was caused by an incomplete elimination of cytochrome 
oxidase or by the presence of metal ions, especially of copper. In respect 
to the first possibility we should like to point out that the preparation of 
cytochrome c involves a precipitation by trichloroacetic acid and by ace- 
tone, which makes it very unlikely that any activity of the unstable 
cytochrome oxidase has remained. Moreover, no increase in the rate of 
oxidation of ascorbic acid could be discovered when a solution of cyto- 
chrome c was added to ascorbic acid in the absence of oxidized adrenalin. 
This latter result demonstrates more directly the absence of cytochrome 
oxidase in our preparations and differentiates the effect from the catalytic 
ascorbic acid autoxidation by various hematoporphyrins (4). It shows in 
addition that our cytochrome c preparation cannot contain active metal 
ions. We arrived at the same conclusion from results of experiments in 
which the cytochrome c was replaced by metal ions. Copper (as cupric 
sulfate) actually caused an increase in the rate of autoxidation of ascorbic 
acid. However, the increase was the same in the presence and in the 
absence of oxidized adrenalin. Ferric ions added in the same quantity 
as cupric ions did not cause a significant increase of the autoxidation, 
either in the presence or in the absence of oxidized adrenalin. Equally 
ineffective was a hemolysate which contains iron both bound to the por- 
phyrin ring of hemoglobin and also as the usual ionic contamination. 

Although the argument above makes it seem unlikely that the effect of 
our cytochrome c preparation is due to the presence of free metal ions or of 
cytochrome oxidase, our results with inhibitors would seem to indicate 
that a metal in some form is involved, since cyanide and cysteine, which 
are typical metal binders, act as strong inhibitors. Recent spectroscopic 
investigations suggest that cyanide can combine with cytochrome c, and 
therefore a participation of the porphyrin iron in cytochrome c has to be 
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considered (5). A possible réle of H,O. which has been found to be formed 
in metal-catalyzed autoxidations of ascorbic acid cannot be excluded at 
the present time (6). 

As an explanation of the accelerated oxidation of ascorbic acid one 
might be inclined to assume that the cytochrome c in our preparation is 
rapidly oxidized by one of the oxidative derivatives of adrenalin and is 
reduced by ascorbic acid. However, adrenochrome and other related 
compounds have a lower oxidation-reduction potential than cytochrome ¢ 
itself, and these compounds could hardly act as efficient oxidizing agents 
for cytochrome c. Moreover, with cytochrome c as mediator it should 
be possible to replace ascorbic acid by any other substance which would 
reduce cytochrome c. Our results, however, indicate that hydroquinone, 
catechol, or adrenalin itself, very effective reducing agents for cytochrome 
cin the conventional cytochrome oxidase system, cannot act as substitutes 
for ascorbic acid in our experiments. This specificity of the reducing 
agent is striking, and it could mean that the reaction depends on the com- 
bination of oxidized adrenalin and ascorbic acid with a direct electron 
exchange between these compounds, the catalyst acting as an adsorbing 
surface which would bring the two substances into closer proximity and 
enhance thereby the probability of their interaction. Whatever the 
role of the catalyst may be, oxidized adrenalin seems to have a higher 
affinity than ascorbic acid, since the saturation concentration for the former 
is considerably lower than for the latter. 

A connection between this effect and the physiological function of either 
adrenalin or ascorbic acid cannot be seen at the present time. In particular 
it should be pointed out that the compounds with adrenergic activity 
(ephedrine, isoquinoline) are without effect on the acceleration. On the 
other hand it should be kept in mind that similar mechanisms could play 
a r6le in the case of other physiological quinones, such as vitamin K. 


SUMMARY 

1. The rate of ascorbic acid oxidation in the presence of oxidized adren- 
alin is markedly enhanced by addition of cytochrome c. 

2. The effect is specific in that cytochrome c cannot be replaced by copper 
or iron ions or by hemoglobin. Oxidized adrenalin cannot be replaced by 
oxidized hydroquinone or catechol and ascorbic acid cannot be replaced 
by such reducing agents as hydroquinone, catechol, cysteine, or glucose, 
while isoascorbic acid is equally effective. 

3. The reaction is inhibited by cyanide and cysteine. Ephedrine, 
isoquinoline derivatives, and oxidized ascorbic acid have no inhibitory 
effect. 
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THE LIPOTROPIC ACTION OF MANGANESE* 


urs: 


TTR 


In the course of studies to determine the effect of manganese and choline 
on bone formation in the rat, we found that manganese as well as choline 
prevents the deposition of excess fat in the liver. At a given level of cho- 
line, more fat was observed to be present in the livers of manganese-de- 
ficient rats than in the livers of rats receiving adequate manganese. The 
lipotropic action of manganese was much greater when the choline content 
of the diet was low, thus indicating an interaction between manganese and 
choline. 

The basal diet used in the studies was similar to the low manganese diet 
described by Amdur, Norris, and Heuser.! The choline content was re- 
duced by omitting the supplement of 0.2 mg. of choline per gm. of diet and 
reducing the whole milk powder content from 20 to 10 per cent. The carbo- 
hydrate, protein, and fat were increased to compensate for the lower level 
resulting from the reduced whole milk powder content. This gave a low 
choline, low manganese diet containing 0.1 mg. of choline and 0.3 y of 
manganese per gm. Choline was added to produce a medium choline 
(0.4 mg. per gm.), low manganese diet and a high choline (0.8 mg. per gm.), 
low manganese diet. A high manganese diet on each choline level was 
obtained by supplementing the corresponding low manganese diet with 
0.25 per cent manganous chloride. 

The fresh livers from each group were used as a composite sample. 
They were finely divided in a Waring blendor, ground with anhydrous 
sodium sulfate, and extracted for 48 hours with chloroform. The fat was 
expressed as the percentage in fresh liver. 

The data from five experiments are summarized in the accompanying 
graph. An analysis of variance showed that the reduction of liver fat by 
manganese was highly significant. As expected, choline likewise markedly 


* The authors wish to express their appreciation for the grant of the Snyder Fund 
and of a portion of the Sage Fund by the Graduate School of Cornell University in 
partial support of the research work presented in this report. They are also indebted 
to the Poultry Department of Cornell University for the use of their facilities in 
carrying out this investigation. 

‘Amdur, M. O., Norris, L. C., and Heuser, G. F., Proc. Soc. Exp. Biol. and Med., 
59, 254 (1945). 
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Fic. 1. The action of manganese and choline on liver fat. Inall, 186 rats were used 
in these studies. Since there were three levels of choline and two levels of man- 
ganese used, each point on the graph represents a total of thirty-one animals. The 
pooled samples of four experiments contained the livers of six rats and that of the 
fifth experiment the livers of seven rats 


reduced liver fat. The manganese by choline interaction was found to be 
highly significant. 

As further evidence that manganese has a lipotropic action, it was found 
that the presence of manganese in the diet caused a highly significant 
reduction in the percentage of fat occurring in the fresh bone. Choline 
also significantly reduced bone fat. 


Agricultural Experiment Station and Mary O. Amour 
School of Nutrition L. C. Norris 
Cornell University G. F. Heuser 
Ithaca 


Received for publication, June 17, 1946 
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THE PARTIALSYNTHESIS OF URINARY A°-ANDROSTENE-3(8),- 
16,17-TRIOL 


Sirs: 

Recently Hirschmann! isolated from the urine of a patient with adreno- 
cortical carcinoma a new triol of the androgen series. He brilliantly 
characterized this substance as a A5-androstene-3(8) ,16,17-triol. Marrian? 
subsequently reported that this triol is a constituent of normal human 
urine (both male and female). Marrian* had had this steroid in hand at a 
much earlier date but had been unable to establish an empirical formula 
for it. 

In 1944 one of us,‘ using classical methods of organic chemistry, trans- 
formed estrone into the naturally occurring estriol (theelol). This trans- 
formation has been subjected to further study, and theelol may now be 
obtained from estrone in about 25 per cent over-all yield. 

On turning to the androgen series and employing the set of reactions 
used to prepare theelol, it has been found that Hirschmann’s triol, in 
satisfying yield, results as an end-product when dehydroisoandrosterone 
is substituted for estrone. This synthesis confirms for the triol the struc- 
ture advanced by Hirschmann; the method of synthesis also leaves little 
doubt that the stereoisomeric configurations of the carbinols at Cys and 
Cy are identical in theelol and urinary androstenetriol. In fact, we are 
ready to state that the Cys-OH and the Cy-OH in theelol (and Hirschmann’s 
triol) are in the trans geometric relationship, although this finding is con- 
trary to the conclusion of Adam et al.5 based upon surface film measure- 
ments. Theelol-3-methyl ether does not form a cyclic ketal with acetone 
and anhydrous hydrogen chloride, although such a derivative*’ is easily 
prepared from a steroid in which the Cy-OH and the Cy-OH are in cis 
relationship. 

The chemical reactions employed to transform dehydroisoandrosterone 
into urinary androstenetriol are in general the same as those described?® 
in the preparation of isoestriol-A; namely, nitrosation of 17-ketosteroid 
to the 16-oximino derivative, Stodola reduction of the 16-oximino com- 


‘Hirschmann, H., J. Biol. Chem., 160, 363 (1943). 

* Marrian, G. F., Nature, 164, 19 (1944). 

*Marrian, G. F., and Butler, G. C., Biochem. J., 38, 322 (1944). 

‘Huffman, M. N., and Miller, W. R., Science, 100, 312 (1944). 

* Adam, N. K., Danielli, J. F., Haslewood, G. A. D., and Marrian, G. F., Biochem. 
J., 26, 1233 (1932). 

* Butenandt, A., Schmidt-Thomé, J., and Weiss, T., Ber. chem. Ges., 72, 417 (1939). 

* The present authors have had in hand a stereoisomeric estriol which very rapidly 
forms an acetonide under these conditions. 

* Huffman, M. N., and Darby, H. H., J. Am. Chem. Soc., 66, 150 (1944). 
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pound to a mixture of isomeric a-ketols, and further reduction of the ap- 
propriate a-ketol to the 16,17-glycol. In this synthesis we obtained first 
the triacetate of androstenetriol (m.p. 184-185° uncorrected) and then 
saponified to the free triol (m.p. 257.5-260.5° uncorrected). Mixed melt. 
ing point tests, kindly performed by Dr. Hirschmann, showed no depres- 
sion of either synthetic compound when mixed with its counterpart of 
natural origin. Microanalysis® of synthetic A*-androstene-3(8) , 16,17. 
triol gave C 72.37, H 9.97 (calculated for CisH3O3-}H2O, C 72.34, H 9.9] 
Combustion of the synthetic triacetate showed C 69.41, H 8.46 (calculated. 
( 69.42, H 8.39). 


Southwestern Medical Foundation Max N. Hurrman 
Dallas Mary Harriet Lorr 


teceived for publication, June 25, 1946 


* Performed by Dr. E. W. D. Huffman. Denver 
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INEFFECTIVE UTILIZATION OF CONJUGATED PTEROYL- 
GLUTAMIC (FOLIC) ACID IN PERNICIOUS ANEMIA* 


Sirs: 

The effectiveness of folic acid in pernicious anemia and the ability of 
normal subjects to subsist on ordinary sources of supply of folic acid suggest 
that in pernicious anemia some of the naturally occurring derivatives of the 
vitamin are not fully utilized. 

Free vitamin was not released from the conjugated folic acid of yeast 
(pteroylheptaglutamic acid; kindly supplied by Dr. J. J. Pfiffner of Parke, 
Davis and Company) by incubation with normal human gastric juice at 
pH 7.0 or 4.5, and no reticulocyte response occurred in a patient with 
pernicious anemia in relapse who was given the heptaglutamate (1 mg.) 
orally each day for 10 days without, and for 11 days with, normal human 
gastric juice (100 cc. daily). However, daily administration of an equiv- 
alent amount (0.35 mg. orally) of pteroylglutamic acid caused a definite 
reticulocytosis (4.2 per cent). 

In a similar patient a small reticulocyte response (3 per cent) followed 
the daily intramuscular injection for 10 days of 0.85 mg. of pteroylglutamic 
acid (average urinary elimination, 15 per cent), but no response was caused 
by daily injections of 2.5 mg. of the heptaglutamate for 12 days (average 
urinary elimination, only 1 per cent as free, none as the conjugate). One 
large intramuscular injection (30 mg.) of the conjugate caused no hemato- 
logical response or urinary excretion during 12 days, while one injection of 
an equivalent amount of folic acid (11 mg.) caused prompt reticulocytosis 
(6.1 per cent) (average urinary elimination, 37 per cent). 

A normal subject (average urinary elimination, 2.5 y of L. casei factor 
daily) given two daily intramuscular doses (2.8 mg.) of conjugate excreted 
8.3 per cent as free L. casei factor (and none as the conjugate) in the urine, 
while of an equivalent amount of pteroylglutamic acid similarly injected, 
16 per cent appeared in the urine. 

Thus, in a normal individual, folic acid was released from pteroylhepta- 
glutamate, while in patients with pernicious anemia the compound served 
inadequately as a source of folic acid and exerted no hematopoietic activity 
as such. 


* Discussed at the Symposium on Folic Acid, New York Academy of Sciences, 
May 29, 1946. This work was supported in part by a grant from the Lederle Labora- 
tories, Inc., Pearl River, New York, who supplied the synthetic folic acid and the 
liver extracts. 
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Addition of purified liver extract! (0.007 cc.) to various dilutions of sternal 
bone marrow extracts from human patients with and without pernicious 
anemia has augmented frequently (50 to 150 per cent) the formation of 
L. casei factor from added heptaglutamate, in vitro at pH 4.5, but not at 
pH 7.0. These preliminary findings suggest that a constituent of liver ex- 
tract may be a component of one of the conjugase systems or may coun- 
teract the effect of substances which inhibit the activity of the conjugase 
studied. Possibly this irregularly produced effect is attributable to 
the antipernicious anemia factor, but other functions of the factor are not 
excluded. 

Such interpretations are consistent with the observation that the conju- 
gate is ineffectively utilized in pernicious anemia and that injections of 
purified liver extract! have doubled the urinary excretion of L. casei factor 
by two patients with pernicious anemia. The data presented herein ac- 
count, at least in part, for the failure of pernicious anemia individuals to 
derive adequate amounts of folic acid from the diet. 


Departments of Pharmacology and Medicine A. D. Weicu 
Western Reserve University Ropert W. HEINE 
School of Medicine EvELYN M. NELson 
Cleveland H. Vicror NELSson 


Received for publication, June 17, 1946 


115 unit liver extract; 1 cc. contains from 0.1 to 1 y of free L. casei factor and ap- 
pears to be free of the conjugated vitamin. 





jw 2 


sternal 
nicious 
‘ion of 
not at 
yer ex- 
coun- 
jugase 
ble to 


re not 


conju- 
ns of 
factor 
in ac- 
als to 


[EINLE 
ELSON 
LSON 


nd ap- 


THE REPLACEMENT OF p-AMINOBENZOIC ACID IN THE 
GROWTH OF A MUTANT STRAIN OF ESCHERICHIA COLI 


Sirs: 

By x-irradiation of Escherichia coli we have obtained a mutant strain 
(No. 273-384) requiring p-aminobenzoic acid (PABA) for growth. The 
techniques for the production and isolation of mutant strains and the syn- 
thetic basal medium employed have been previously described.! 

The response of the mutant to PABA is increased by an amino acid mix- 
ture (as used by Hace et al.?), of which methionine is the most important 
component. The addition of purines delays growth in the absence of the 


Response of Mutant Strain 273-384 to Pteroylglutamic Acid and to Thymine 





Supplement 

















Compound | None Purines* a | mixture 

| 
16 hrs. 64 hrs. | 16 hrs. 64 hrs. | 16 hrs 64 brs. | 16 brs. | 64 hrs 

y per ml. | | | 
p-Aminobénzoic | 0.0005} 15t| 21 | 4 | 23 | 32 | 34 | 50 | 53 
acid 0.01 56 | 74 | 68 76 | 69 | 74 | 81 78 
Pteroylglutamic 0.1 0 1 | 6 | 13 
acid 10 | O 5 17 | 27 
10.0 9 | a | | | | 73 | 76 
Thymine 3.0 0 0; 0; O; 2] 5] 1 24 
| 30.0 1 5| 0] oO] 6 | 10 | 44 | 45 
| 300.0 2/ 8s} o}] 0} 7] 1 | 63 | 67 











*5 y each of adenine, guanine, and xanthine per ml. 
t Turbidity readings; 1 unit equals 13.4 million cells per ml. 


amino acids but produces large turbidity increases in their presence? The 
PABA requirement for half maximal growth at 16 hours falls from 0.0012 y 
per ml. on the basal medium to 0.00011 y per ml. in the presence of both 
supplements. 

Pteroylglutamic acid, which contains the PABA nucleus,‘ has less than 
0.001 per cent of the activity of PABA for this organism (see the table). 


‘ Roepke, R. R., Libby, R. L., and Small, M. H., J. Bact., 48, 401 (1944). 

* Hac, L. R., Snell, E. E., and Williams, R. J., J. Biol. Chem., 169, 273 (1945). 

* Kohn, H. I., Ann. New York Acad. Sc., 44, 503 (1943). 

‘ Angier, R. B., Boothe, J. H., Hutchings, B. L., Mowat, J. H., Semb, J., Stokstad, 
E. L. R., SubbaRow, Y., Waller, C. W., Cosulich, D. B., Fahrenbach, M. J., Hult- 
quist, M. E., Kuh, E., Northey, E. H., Seeger, D. R., Sickels, J. P., and Smith, J. M., 
Jr., Science, 103, 667 (1946). 
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This sample contained 0.2 per cent of free arylamine (as p-aminobenzoy). 
glutamic acid); thus there is no proof that pteroylglutamic acid has any 
inherent growth activity for this strain. 

Thymine is practically inactive alone or in the presence of purines, but 
in combination with the amino acids it can support light growth which can 
be subcultured. PABA can be effectively replaced by a combination of all 
three of these materials. The organism has been carried through ten 
transfers on this combination with 30 y of thymine per ml. With this 
supplementation both the mutant and the parent LZ. coli have proved highly 
resistant to sulfonamides. Good growth was observed after 24 hours in the 
presence of 1280 y per ml. of sulfadiazine. 

The data indicate that at least with . coli PABA functions in the syn- 
thesis of thymine, the purines, and one or more of the amino acids. 


Chemotherapy Division J. O. Lampey 
Stamford Research Laboratories R. R. Roepe 
American Cyanamid Company M. J. Jones 


Stamford, Connecticut 


Received for publication, June 28, 1946 
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PARTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 


VIII. PREPARATION OF AN 11-KETO BILE ACID* 
Sirs: 


In Paper VI of the present series! it was shown by exclusion of other pos- 
sibilities that the “3,11-dihydroxy-12-ketocholanic acid” of Marker and 
Lawson? is actually 3(a@) ,12-dihydroxy-11-ketocholanic acid with a strong 
probability that the hydroxyl group at Cy is in 6 configuration. We re- 
cently have been able to obtain additional evidence for the correctness of 
this conclusion. In addition the experiments reported here provide a new 
method for the preparation of an 11-keto steroid. Methyl 3(a)-methyl- 
succinoxy-11-keto-12(8)-hydroxycholanate® (m.p. 90-91°;* [a]? = +63° 
(CHCI;); CsoHaOs, calculated, C 67.38, H 8.67; found, C 67.20, H 8.64) 
upon treatment with PBr; in chloroform solution was converted to methyl 
3(a)-methylsuccinoxy-11-keto-12-bromocholanate, m.p. 80-81°; [a]? = 0° 
(CHCI;) ; C3oHysO7Br, calculated, C 60.29, H 7.59, Br 13.37; found, C 59.61, 
H 7.69, Br 13.72. Reduction of the bromoketo ester with either zinc and 
acetic acid or with chromous chloride in acetone’ yielded methyl 3(a)- 
methylsuccinoxy-11-ketocholanate, m.p. 113-114°; [a]? = +63° (CHC\,). 
Hydrolysis yielded 3(a)-hydroxy-11-ketocholanic acid, m.p. 218-221°, 
[a], = +67° (absolute ethanol), identical with the compound prepared by 
independent methods. 

These results establish the position of the ketone group in the original 
compound at Cy. Since the 11-keto-12-hydroxy acid can be readily pre- 
pared in good yield, the method is directly applicable for the formation of 
11-keto steroids in a variety of compounds. We are at present engaged in 
further work upon this problem. 


Department of Biochemistry EveLYN BorGstrom 
University of Chicago T. F. GALLAGHER 
Chicago 


Received for publication, July 11, 1946 





* The work reported here was supported in part by a grant from Memorial Hospital 
for which we wish to express our thanks. 

! Gallagher, T. F., J. Biol. Chem., 162, 539 (1946). 

* Marker, R. E., and Lawson, E. J., J. Am. Chem. Soc., 60, 1334 (1938). 

* Wintersteiner, O., and Moore, M., J. Biol. Chem., 162, 725 (1946). 

‘ All melting points are corrected. 

§ Julian, P. L., Cole, W., Magnani, A., and Meyer, E. W., J. Am. Chem. Soc., 67, 
1728 (1945). 
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and Fischer, 513 
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fonamides, effect, Lampen and Jones, 
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effect, Welch, Heinle, Nelson, and 
Nelson, 787 
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effect, Kornberg, 203 
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Beerstecher and Shive, 53 
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effect, Lampen, Roepke, and Jones, 
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and, reaction, Randall, 521 
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Lysozyme: Crystalline salts, Alderton 


and Fevold, 1 
Egg white, crystallization, Alderton and 
Fevold, l 
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Malaria: Parasite, biochemistry, Speck, 
Moulder, and Evans, 119 | 
Moulder and Evans, 145 | 


—, nitrogen metabolism, Moulder and | 
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Evans, 145 | 
—, pyruvate oxidation, mechanism, 
119 


Speck, Moulder, and Evans, 
Manganese: Lipotropic action, Amdur, 
Norris, and Heuser, 783 
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Stekol, 651 

—, man, Stekol, 651 

Methylascorbic acid: 3-, properties, 
Vestling and Rebstock, 631 | 

Methylproline: y-, Dakin, 615 
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Dittmer, Ellis, McKennis, and du 
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ylation in vivo, réle, du Vigneaud, 


Chandler, Simmonds, Moyer, and 
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New-born: Blood prothrombin, dicu- 


marol administration to mother, ef- 
fect, Quick, 371 
Niacin: Tryptophane utilization, effect, 
Krehl, de la Huerga, and Elvehjem, 
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Nitrogen: Amino. See Amino nitrogen 
Metabolism, malaria parasite, Moulder 
and Evans, 145 
Nuclease. Ribo-. See Ribonuclease 
Nucleic acid(s): Tissue, determination 
methods, comparison, Schneider, 


747 | 
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Oxalacetate: Carbon dioxide fixation, 


liver effect, Utter and Wood, 455 
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Oxidase: Cytochrome, brain, cyanide ef- 
fect, in vivo, Albaum, Tepperman, 
and Bodansky, 45 

ribonuclease effect, 
Schneider, 241 

Oxygen: Enzyme inactivation and sulf- 
hydryl groups, relation, Haugaard, 


Succin-, system, 


265 
Poisoning, Stadie and Haugaard, 257 
Haugaard, 265 
Pressure, tissue oxygen consumption, 
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tionship, Fontaine, Pons, and Irving, 
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Brock, 321 
Phospholipide(s): Tissue, diet relation, 
Fishman and Artom, 307 
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baum, Tepperman, and Bodansky, 
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Compounds, tissue, Schneider, 747 
-Fluorine bond, alkyl fluorophosphates, 
enzyme hydrolyzing, Mazur, 271 
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and Irving, 487 
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Vestling and Rebstock, 631 
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